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Abstract 
 
 
The investigation of gel systems is interesting for a wide variety of applications, 

spanning from chromatography to membrane separation, artificial tissues for 

wound dressing, drug delivery, sensing and catalysis. Recently, they have been 

employed also for the cleaning and conservation of works of art, thanks to their 

ability of ensuring a controlled and selective cleaning action, in order to maintain 

the comprehensibility of artworks and prevent their degradation. For many of 

these purposes, it is necessary to improve already existent gel systems and 

develop innovative ones, understanding the correlation between their structural 

properties and the diffusion processes of molecules and macromolecules through 

them. Therefore, macroscopic poly(2-hydroxyethyl methacrylate) (pHEMA) 

based hydrogels and poly(N-isopropylacrylamide) (PNIPAM) and poly(methyl 

methacrylate) (PMMA) microgels were prepared and deeply characterized. In 

particular, the effect of water content and state, cross-linker concentration and 

topology, and finally the monomer/polymer ratio were investigated in respect of 

the final properties of classical pHEMA and even semi-interpenetrating with poly 

acrylic acid (pHEMA/PAA) hydrogels. Calorimetric techniques were carried out 

to evaluate the equilibrium water content and the ratio between free and bound 

water, while Small Angle X-rays Scattering (SAXS) to characterize the polymer 

topology at the nanoscale. Moreover, Fluorescence Recovery After 

Photobleaching experiments, with model probes differing in size (FITC and 

FITC-dextrans), were performed to monitor the diffusion processes and 

interactions in the hydrogel matrix. 

One of the pHEMA/PAA hydrogels studied, with ideal mechanical properties and 

retentiveness, together with a semi-interpenetrating pHEMA network with 

poly(vinyl pyrrolidone) (PVP), were selected and uploaded with 
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tetraethylenpentamine (TEPA) to be tested for the removal of Cu(II) alteration 

products (i.e. copper oxychlorides) from bronze artefacts. In order to understand 

the influence of structural and chemical changes of pHEMA/PVP and 

pHEMA/PAA hydrogels and the role of TEPA in the coordination of Cu(II) ions, 

the semi-IPNs were swollen in water at different pH values (6, 8, 12), and in a 

water solution of TEPA (pH 12), and characterized through SAXS, Scanning 

Electron Microscopy (SEM), Fourier Transformed Infrared Spectroscopy with 

Focal Plane Array (FTIR-FPA) and calorimetric techniques. Finally, both 

hydrogels, loaded with TEPA, were applied on artificially aged bronze coins, to 

investigate, by means of FTIR-FPA chemical mapping, their ability to solubilize 

and remove copper oxychlorides. 

In order to easily synthesized PMMA and PNIPAM microgels, already used 

surfactant free emulsion polymerization methods were modified and adapted to 

obtain monodisperse micron-sized particles. Microgels respond much faster than 

bulk gel to external stimuli, tuning their structural and physicochemical 

properties, thus they can be used in a lot of applications in biomedical field, 

electronics, and fundamental research. Anyway, since they are not easy to handle, 

macroscopic systems (i.e. macrogels) with different cross-linker concentration 

and PNIPAM/PMMA ratio were developed, in order to obtain materials that 

maintain all the properties of the microscopic gels, combining the characteristic 

of the two different particles. These hydrophilic-hydrophobic macrogels can 

swell in organic solvent and water, leading the possibility of loading and 

releasing hydrophilic and hydrophobic drugs. This feature makes them suitable 

systems for biomedical applications and for the preservation and restoration of 

cultural heritage. 

Moreover, PNIPAM and the more hydrophilic PNIPAM-poly(ethylene glycol) 

microgels were employed as model systems to study the diffusion inside 

macroscopic cryogels, with pore dimensions similar to the size of the 
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microparticles, through the use of particle tracking analysis at different 

temperatures. The obtained results ma may provide important information to 

understand the diffusional properties of many natural and industrial processes, 

such as biomolecules and macromolecules that moves through cells or other 

biological fluids, and drugs confined in nanocomposite materials. 
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Gels 

 

 According to the international Union of Pure and Applied Chemistry (IUPAC), 

a gel is a “non fluid colloidal network or polymer network that is expanded 

throughout its whole volume by a fluid”1; in other words gels can be defined as 

a two- or multi-component system consisting of a three dimensional polymer 

network chains with a fluid that fills the space between the macromolecules. 

Thus, their physical properties are in-between those of a solid and of a liquid. 

The investigation of gels has attracted interest over the past decades due to their 

application in electronics2, gel electrophoresis and size exclusion 

chromatography, and in biological and biomedical contexts, as biosensor, 

artificial tissue scaffolds, wound dressing3, contact lenses, and drug delivery 

systems4. 

Recently, they have been employed also in art conservation for the cleaning of 

cultural heritage, where it is necessary to develop systems able to ensure a 

controlled and selective cleaning action. In fact, the removal of unwanted layers 

(dirt, soil, aged adhesives, varnishes, and corrosion products) is fundamental in 

the conservation practice to maintain the health state of artworks and prevent 

their degradation. Because most artworks surfaces are sensitive to aqueous 

solutions or organic solvents, the cleaning fluids can be confined in gels that are 

able to ensure a controlled release and a non-invasive removal of the unwanted 

layers, without affecting the original components of the artefacts5. 
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1.1 Gelation theories and polymeric 

network structure 

 

Statistical approaches were applied for the development of the gelation theories 

by Flory and Stockmayer6, who postulated the “classical statistical theory”, and 

by Zallen and Stauffer with the “percolation model”7,1. 

According to the Flory-Stockmeyer model, multifunctional molecules lead to the 

formation of covalent bonds between them to yield a network structure. 

Considering that the formation or not-formation of covalent bonds between 

monomers is a random event, with a given probability p, the system can exist in 

a sol phase consisting of finite polymers (monomers, dimers, trimers, oligomers, 

etc), if p is small, otherwise, if p exceeds a critical threshold value, pc, a single 

molecule, which is infinite in spatial extension (“infinite network”), is formed. 

This latter situation corresponds to the gel phase. Using a combinatorial 

approach, it was possible to derive an expression for the molecular weight (Mw) 

distribution and for pc, at which Mw → ∞ (gel point).  

The Flory-Stockmayer theory is based on some assumptions that affect the 

accuracy of this model: 

i. The reactivities of all functional groups of the same type are equal and 

independent of each other; 

ii. The intermolecular reactions between molecules of the same cluster are 

not allowed; 

iii. Monomers are assumed to be point-like (without steric hindrance, and 

excluded volume effects); 

iv. Solvent molecules are absent; 

v. There is no correlation between molecules. 
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As a consequence of these assumptions, a conversion slightly higher than that 

predict by the theory is usually necessary to create a polymer gel1. 

The “percolation model” takes into account the presence of a solvent, the 

correlations between the molecules of the system, and does not imply unlimited 

mobility and accessibility of all groups. 

Considering a solvent molecule (A) and a monomer (B), the particle-particle 

interactions can be approximated to the following four types of nearest-neighbor 

interactions: 

-WAA = solvent-solvent interactions; 

-WAB= solvent-polymer interactions; 

Monomer-monomer interactions occur through van der Waals interactions and 

directional interactions leading to the formation of tie-points (e.g. covalent 

bonds): 

-WBB = monomer-monomer van der Waals interactions, with weight ρ; 

-E = bonding energy between monomers, with weight 1-ρ. 

According to this description, the gel phase is defined as the phase where a non-

zero finite fraction of monomers is bonded together via chemical bonds to form 

a macroscopic molecule9. 

In order to calculate the gelation threshold g, the requirements for considering a 

pair of monomers as bonded must be defined: (i) they must be nearest neighbors 

and (ii) their relative interaction must be –E. Thus, the probability, p, that a pair 

of neighboring monomers can be considered as bonded is given by: 

 

𝑝 =
(1−𝜌)

𝐸
𝐾𝑇

𝜌
𝑊𝐵𝐵

𝐾𝑇 +(1−𝜌)
𝐸

𝐾𝑇

                           (Eq. 1.1) 
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For simplicity, previous discussion considers systems made up by monomers 

whose directional interactions are the covalent bond between them. Obviously, 

this approach can be extended to systems of polymer chains of M monomers. 

In the case of thermoreversible gel systems, the directional interaction leading to 

network formation might be of different nature than covalent bonds (e.g. 

hydrogen bonds)10. 

The gelation threshold, g, is given by: 

 

𝜑𝑔 =
𝑅𝑧2𝜎

[(1+𝑅)𝜎−1]𝑧2+(𝜎−1)2                (Eq. 1.2)       

 

where R is a parameter depending on the coordination number f (i.e. the number 

of interactions per polymer segment and per solvent molecule) and the number 

of monomers M; z depends on the respective weight of van der Waals or 

directional interactions between monomers (ρ and 1-ρ);  depends on M, f and 

the probability of bond formation between monomers p. For the procedure to get 

to Eq. 1.2, the reader is referred to Coniglio et al11. 

In order to have a detailed picture of gel topology , it is important to define three 

characteristic parameters: 

1. Polymer volume fraction in the swollen state (v2,s); 

2. Molecular weight of the polymer chain between two neighbouring cross-

linking points (Mc); 

3. Corresponding mesh size or correlation length (ξ). 

Figure 1.1 (a) shows the schematic structure of a gel. 
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Figure 1.1 (a). Left) Macroscopic appearance of a gel. Right) Schematic 

representation of the internal structure of a gel. 

 

 

The polymer volume fraction in the swollen state is a measure of the amount of 

fluid imbibed and retained by the hydrogel. 

 

𝑣2,𝑠 =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑣𝑜𝑙𝑢𝑚𝑒𝑜𝑓𝑠𝑤𝑜𝑙𝑙𝑒𝑛 𝑔𝑒𝑙
=

𝑉𝑃

𝑉𝐺𝑒𝑙
=

1

𝑄
                                     (Eq. 1.3)           

 

This parameter can be determined by using equilibrium swelling experiments. 

The molecular weight between two consecutive cross-links Mc, which can be 

either of a chemical or physical nature, is a measure of the degree of cross-linking 

of the polymer. 

 

𝑋 =
𝑀0

𝑀𝐶
                                                                                   (Eq. 1.4) 

 

where M0 is the molecular weight of the repeating units building the polymer 

chains. It is important to mention that, due to the random nature of the 
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polymerization process itself, only average values of Mc can be calculated.  

The network mesh size represents the distance between consecutive cross-linking 

points and provides a measure of the porosity of the network. 

These parameters, which are not independent, can be determined theoretically or 

through a variety of experimental techniques[11]. 

 

1.2  Classification of gels 

 

Gels can be classified in different ways depending, for example, on the nature of 

the cross-linking (physical and chemical gels), on the medium in which the 

polymeric network is dispersed (xerogel/aerogel, organogel, and hydrogel), and 

on the basis of the polymer composition (homopolymer, copolymer, 

interpenetrating polymer network). 

 

1.2.1 Physical and Chemical gels 

 

Physical gels are polymeric systems that form a 3D network thanks to the  

presence of non-covalent interactions (i.e. hydrophobic, electrostatic, and Van 

der Waals interactions, or hydrogen bonds) between the macromolecular chains 

(see Figure 1.2.1 (a)). Due to the weak nature of these interactions (1-120 

kJ/mol), it is possible to break and reform them in certain conditions. In fact, 

almost all types of physical gels are thermoreversible; increasing the temperature 

over a given threshold (depending on the chemical nature of the gellant and the 

liquid phase) causes the melting of the supramolecular structure, leading to the 

redispersion of the single molecules in the solvent bulk phase. By cooling back 
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to the original temperature, a sol-gel transition occurs, and the polymer network 

is reformed.  

There are various methods for obtaining physically cross-linked gels:  

• Freeze-thawing, where the physical cross-linking is achieved through 

repetitive freeze-thaw cycles that causes a phase separation. Poly(vinyl 

alcohol) (PVA) is a popular example. When the water freezes, the ice 

crystals brings closer the PVA chains that form hydrogen bonds among 

the hydroxyl groups, leading to the formation of polymer crystallites5; 

• Stereo complex formation, easily prepared by dissolving each product in 

the solvent and mixing the solution; 

• Ionic interaction, where ionic polymers are cross-linked through the 

addition of di- or tri-valent counter ions; 

• H-bonding, in which the gel-like structure creates thanks to the formation 

of hydrogen bonding interactions; 

• Maturation, where the heating induces an aggregation process that results 

in gel formation12. 

Chemical gels are constituted of cross-linked polymer networks built up through 

covalent bonds (see Figure 1.2.1(a)). In this case the polymer network forms a 

single macromolecule with a very high molecular weight (Mw). The permanent 

nature of the covalent bonds connecting polymer chains (binding energy 200-650 

kJ/mol) makes chemical gels thermally irreversible materials: only over a critical 

temperature the bonds can be break, but after cooling, the systems are not able to 

reproduce the original structure. Their behavior is similar to solids, in fact, 

chemical gels are able to load high amounts of solvent without undergoing 

polymer solubilization. Different methods are used for obtaining chemical gels: 

• Chemical cross-linking, where covalent linkages between polymer chains 

can be established by the reaction of functional groups; 
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• Grafting, that involves the polymerization of a monomer on the backbone 

of a preformed polymer; 

• Radical polymerization, according to which low-molecular-weight 

monomers in the presence of a cross-linking agent bring to the gel 

synthesis through radical polymerization by thermal or UV activation. 

This is one of the most widely used methods that, even under mild 

conditions, results in the rapid formation of the gel.  

• Condensation reaction, that usually involves reactions between hydroxyl 

/amines groups and carboxylic acids or their derivatives. These gels 

typically contain amide bonds in their cross-links. 

• Enzymatic reaction, where an enzyme catalyzes and yields a linkage 

between two polymers; 

• High energy radiations, that require the use of gamma (γ) or electron 

beam radiations. Thus, unsaturated compounds can be polymerized 

thanks to the formation of radicals on the polymer chains by the 

homolytic scission. The advantage of this method is that the process can 

be done in water under mild conditions (room temperature and 

physiological pH) without using toxic cross-linking agents. 
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Figure 1.2.1 (a). Synthesis of chemical gels, through polymerization and cross-

linking reaction (left), and physical gels, through association of polymer chains 

(right). Readapted with permission from Bonelli et al. (2016). Copyright © 2016, 

Atlantis Press13.  

   

1.2.2 Xerogels/Aerogels, Organogels, 

Hydrogels 

 

A xerogel is a solid formed from a gel by drying with unhindered shrinkage. 

Xerogels usually retain high porosity (15–50%) and enormous surface area (150–

900 m2/g)14, along with very small pore size (1–10 nm). When solvent removal 

occurs under supercritical conditions, the network does not shrink and a highly 

porous, low-density material, known as an aerogel, is produced. Heat treatment 

of a xerogel at high temperature produces viscous sintering and effectively 

transforms the porous gel into a dense glass.  
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An organogel can be considered as a semi-solid preparation which has an 

immobilized external apolar phase trapped inside spaces of a three-dimensional 

network. Organogels can be classified as low molecular weight (LMW) or 

polymeric gelators, depending on the nature of the gelling molecules. In the latter, 

polymers immobilize the organic solvent by forming a network of cross-linked  

chains, in chemical gels, or entangled chains, in physical gels, in which 

interactions such as hydrogen bonding, van der Waals forces and π-stacking are 

established. Considering LMW organogelator, their self-assembly depends on 

physical interaction for the formation of aggregates sufficiently long to overlap 

and induce solvent gelation. Depending on the kinetic properties of aggregates, 

an important distinction is made between those composed of solid (or strong) 

versus fluid (or weak)15.Their thermodynamic stability has been attributed to 

spontaneous formation of fibrous structure by virtue of which the organogels 

reside in a low energy state. Thus, it is necessary to provide external energy to 

disrupt the three-dimensional structure and subsequently transform the gelled 

state to the sol state above room-temperature. Some common examples of 

gelators include sterol, sorbitan monostearate, lecithin and cholesteryl 

anthraquinone derivatives16.  

Hydrogels have been defined as two- or multi-component systems consisting of 

a three-dimensional network chains and water that fills the space between the 

macromolecules. Depending on the properties of the polymers used, as well as 

on the nature and density of the network joints, these structures can contain 

various amounts of water; usually, in the swollen state, the mass fraction of water 

in hydrogel is much higher than the mass fraction of the polymer. Hydrogels may 

be synthesized through one-step procedures, like polymerization and parallel 

cross-linking of multifunctional monomers, or through multiple step procedures, 

involving synthesis of polymer molecules having reactive groups and their 

subsequent cross-linking17.  
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1.2.3 Homopolymer, Copolymer, 

Interpenetrating Polymer Network 

 

The homopolymer gels are formed by a polymer network derived from a single 

species of monomer, which is the structural unit comprising of any polymer 

network. Depending on the nature of the monomer and on the polymerization 

technique, they may have a cross-linked skeletal structure. 

The copolymer networks are formed by two or more different monomer species 

arranged in a random, block or alternating configuration along the chain of the 

polymer network.  

The interpenetrating polymer networks (IPN) are an important class of gels 

constituted by two independent cross-linked synthetic and/or natural polymer 

components, organized in a 3D network structure. The semi-IPN gels have the 

same structure, but one component is a cross-linked polymer and the other 

component is a non-cross-linked polymer17.  

The schematic reactions to obtain these gels are reported in Figure 1.2.3 (a). 
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Figure 1.2.3 (a).  Synthetic approach to obtain homopolymer gel (top, left), 

copolymer gel (top, right), interpenetrated polymer network (bottom, left), and 

semi-interpenetrated polymer network (bottom, right). 

 

1.2.4 Microgels and Macrogels 

 

Considering the size, gels can be in the form of macroscopic networks (i.e. 

macrogels) or confined to smaller dimensions as in the case of microgels, which 

they are known as nanogels if their size is in in the submicron range. Microgels 

consist of one to several polymer molecules in which each of the polymers holds 

cross-linked units. This makes them fundamentally different from polymer 

solutions (sols) that are homogeneously dissolved in the solvent as molecules, 

without having cross-linked units. There are various synthetic strategies for the 

preparation of microgels that include photolithographic and micromolding 

methods, microfluidics, free radical heterogeneous polymerization in dispersion, 

precipitation, inverse (mini)emulsion, and inverse microemulsion18.  

In general, when the distance between polymer molecules is long enough to make 

intermolecular cross-linking more difficult, intramolecular cross-linking of the 

same polymer chain occurs. The spreading of molecules, due to cross-linking, 

leads to local concentration fluctuations. Consequently, the probability of contact 

with other cross-linked polymer chains decreases, leading to the formation of 

microgels. The compatibility of microgels with solvents diminishes as cross-

linking progresses.  

Macrogels are typically bulks, made of a single, giant molecule consisting of 

polymer chains connected by cross-links. The distribution of cross-linked units 

inside macrogels is not uniform, in fact, when crosslinking is induced by light, 
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the energy flux is higher on the surface than in the bulk, creating higher cross-

linking density on the outside. This allows the creation of a skin-core morphology 

in the gel. When a gel is formed by simultaneous polymerization of monomer 

and cross-linkers, it is necessary to evaluate the reaction conditions, including 

concentration, temperature, and the reactivity ratio of the monomer and cross-

linking agent. When their reactivity is very different, a preferential cross-linking 

reaction takes place at the beginning and at the end of the polymerization. This 

creates localized cross-links in the macrogel that lead to the formation of a 

heterogeneous network (see Figure 1.2.4(a)). 

 

 

 

Figure 1.2.4 (a).  Microgels (left) and macrogels (right) morphological structure. 

(Shibayama and Norisuye, 2001, Copyright, Elsevier)19. 

 

In this thesis, chapter III is dedicated to macroscopic gels, in particular poly(2-

hydroxyethyl methacrylate) (pHEMA) based hydrogels with their physico-

chemical characterization and applications, while chapter IV is related to 

microgels, both hydrophilic and hydrophobic, used for the investigation of their 

diffusional properties and for the synthesis of hydrophilic-hydrophobic  

macrogels.
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This chapter reports equations and instrumental conditions used for the physico-

chemical characterization of the prepared gel systems (macro and microgels). 

 

2.1 Water content and state  

 

The investigation of the amount and type of water loaded in the gels give 

information on the absorption and permeation properties of the polymeric 

network.  

In particular, the equilibrium water content (EWC) and the equilibrium solvent 

content (ESC) provide information on network hydrophilicity and they can be 

calculated as follows (Eq. 2.1): 

 

𝐸𝑊𝐶(𝐸𝑆𝐶) =
𝑊−𝑊𝑑

𝑊
                                                    (Eq. 2.1) 

 

where W is the weight of the hydrated sample and Wd the weight of the dry 

sample. The values of Wd were experimentally determined from 

thermogravimetric analysis (TGA), considering the weight of the sample at c.a. 

200 or 300 °C, for water and high boiling solvent respectively.  

Experimentally, TGA was carried out with a SDT Q600 (TA Instruments). The 

balance sensitivity is 0.1 μg. Measurements were performed in a nitrogen 

atmosphere with a flow rate of 100 mL/min. The samples were put in an open 

alumina pan, and the analyses were performed with a heating rate of 10 °C/min 

from 25 °C to 450 °C.  

Differential scanning calorimetry analysis (DSC) was performed with a Q2000 

Calorimeter (TA Instruments) to determine the state of water in the hydrogels. 
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The temperature range was from -80 °C to 30 or 200 °C with a scan rate of 2 

°C/min, using hermetic aluminum or sealed stainless steel pans respectively. 

When a xerogel begins to absorb water, first molecules that enter into the matrix 

hydrate the most polar, hydrophilic groups, leading to 'primary bound water'. As 

soon as the polar groups are hydrated, the network swells and exposes 

hydrophobic groups, that weakly interact with water molecules, giving rise to 

'secondary bound water', often combined with the primary one and simply called 

'total bound water'. An additional swelling water, that is imbibed after the ionic, 

polar and hydrophobic groups, is related to 'free water' and is assumed to fill the 

space between the network chains. Experimentally, the free water undergoes 

thermal transition at temperature analogous to bulk water (at 0°C). On the 

contrary, the secondary bound water exhibits a first order thermal transition at a 

temperature lower than 0°C, while the primary bound water is related to the non-

freezing water, which does not undergo thermal transition above -70°C20. 

Thus, from DSC curves it is possible to determine the free water index (FWI) or 

the fraction of free water (Cfree) according to the following equations (Eq. 2.2 and 

2.3): 

 

𝐹𝑊𝐼 =  
∆𝐻𝑡𝑟

∆𝐻𝑓 × 𝐸𝑊𝐶
                   (Eq. 2.2)    

 

𝐶𝑓𝑟𝑒𝑒 =
ΔH𝑡𝑟

ΔH𝑓
                            (Eq. 2.3)   

                                                                                                           

where ΔHtr (J/g) is the heat of transition obtained by the integral of melting peaks 

around 0˚C in the DSC curves, and ΔHf is the theoretical value of the specific 

enthalpy of fusion of water at 0 °C (333.6 J/g21).  

The fraction of bound water (Cbound) was calculated from the difference between 

the EWC and Cfree (Eq. 2.4). 
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𝐶𝑏𝑜𝑢𝑛𝑑 = 𝐸𝑊𝐶 − 𝐶𝑓𝑟𝑒𝑒                                                 (Eq. 2.4) 

 

 

2.2  Characterization of structural, 

morphological, and diffusional 

properties 

 

The structure of the gels at the nanoscale level was analyzed through Small Angle 

X-ray Scattering (SAXS) measurements, carried out with a HECUS S3-MICRO 

camera (Kratkytype) equipped with a position-sensitive detector (OED 50M) 

containing 1024 channels of width 54 μm. Cu Kα radiation of wavelength λ = 

1.542 Å was provided by an ultrabrilliant point microfocus X-ray source 

(GENIX-Fox 3D, Xenocs, Grenoble), operating at a maximum power of 50 W 

(50 kV and 1 mA). The sample-to-detector distance was 281 mm. The volume 

between the sample and the detector was kept under vacuum during the 

measurements to minimize scattering from the air. The Kratky camera was 

calibrated in the small angle region using silver behenate (d = 58.38 Å). 

Scattering curves were obtained in the q-range between 0.01 and 0.54 Å−1, where 

q is the scattering vector, q = 4π/λ sinθ, and 2θ the scattering angle. Gel samples 

were placed into a 1 mm demountable cell, with kapton film used as windows. 

The temperature was set to 25 °C and was controlled by a Peltier element, with 

an accuracy of 0.1 °C. All the scattering curves were corrected for the empty cell 

and water contribution considering the relative transmission factor.  
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In the case of polymer gels, the scattering intensity I(q) is expected to be larger 

than that of the corresponding polymer solution, Isoln(q). Thus, a way to describe 

them is to decompose I(q) into Isoln(q) and an excess scattering function, Iex(q), 

by assuming simple additivity22. 

 

I(q) = Isoln(q) + Iex(q) + B                      (Eq. 2.5) 

 

B is the instrumental background independent from q. 

The first contribution Isol(q) is a generalized version of the Ornstein-Zernicke 

equation 2.6: 

 

𝐼𝑠𝑜𝑙𝑛(𝑞) =
𝐼𝑠𝑜𝑙𝑛(0)

1+(𝜉𝑞)𝑚                                (Eq. 2.6) 

 

where 𝜉 is the correlation length (or also mesh-size of the gel network) and Isoln(0) 

the scattering intensity at q = 0, dependent from the contrast between the polymer 

and the solvent and from the volume fraction of the polymer in the gel, and m is 

the Porod exponent associated with the solvation term. The excess scattering, 

which appears at low q regions, is a steeply decreasing function with q. It was 

described by the model of Debye and Bueche23, which represents the model of a 

two phase structure with a sharp boundary. 

 

𝐼𝑒𝑥(𝑞) =
𝐼𝑒𝑥(0)

(1+𝑎2𝑞2)2                                 (Eq. 2.7) 

 

where a is the length scale that characterizes the inhomogeneities in the gel. This 

function describes the additional fluctuations and/or solid-like inhomogeneities, 

that can be classified as: 
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- spatial inhomogeneities, that originate from nonuniform spatial distribution of 

cross-links; 

-topological inhomogeneities, which are dependent on the topology of network, 

for examples loops, trapped entanglements, and dangling chains. 

- connectivity inhomogeneities, related to the sizes and spatial distribution of 

clusters. Their significance becomes predominant at the gelation threshold as a 

percolation problem (see Figure 2.2 (a)).  

- mobility inhomogeneities, that correspond to local variation of mobility, due to 

the introduction of cross-links24. 

 

 

 

Figure 2.2 (a). Solid-like inhomogeneities in polymer gels. (Shibayama and 

Norisuye, 2002, Copyright, Chemical Society of Japan) . 

 

For the investigation on macroporosity, Scanning Electron Microscopy (SEM) 

analysis were performed on gels that were subjected to a freeze-drying process, 

to obtain xerogels whose porous structure is as close as possible to that of swollen 

gels. Images were acquired with a FEG-SEM ΣIGMA (Carl Zeiss, Germany). To 

increase the conductivity of the sample, a gold-metallization of xerogels was 

performed with an Agar Scientific Auto Sputter Coater. 

Morphological characterization on the sub-micron and micron-scale is also 

possible through the use of Confocal Laser Scanning Microscopy (CLSM), after 
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loading the samples with fluorescent dyes. Measurements were performed with 

a laser scanning confocal microscope Leica TCS SP8 (Leica Microsystems 

GmbH, Wetzlar, Germany) equipped with a 63× water immersion objective. The 

488 nm Ar+ and 561 nm DPSS laser lines were used for the excitation of the 

fluorophores (i.e. Fluorescein and Rhodamine derivates, and Nile Red) and the 

emitted fluorescence was acquired, for the 2D and 3D imaging, in the 

microscope’s xyz, xzy scan mode, using a photomultiplier (PMT) detector.  

The investigation of gels diffusional properties was carried out through 

fluorescence recovery after photobleaching (FRAP) experiments.  They were 

performed using 10 serial laser pulses (∆t=1.625 sec, power = 4 mW, Ar+ lines 

at 458, 476 and 488 nm) focused on a circular spot (FRAP ROI) with a diameter 

of 35 μm. The diameter and the shape of the spot has been chosen in order to 

obtain diffusion coefficients independent from the geometry of the bleach region 

as reported in the work of Braeckmans et al.1. The fluorescence intensity in the 

FRAP ROI was normalized with respect to the fluorescence intensity of the 

background measured in a circular reference ROI with the same shape and 

dimension. The FRAP curves can be described with a model proposed by 

Soumpasis27 (Eq. 2.8), that implies a diffusion-limited fluorescence recovery: 

 

𝑓(𝑡) = 𝑎0 + 𝑎1𝑒
2𝜏𝐷

𝑡−𝑡𝑏𝑙𝑒𝑎𝑐ℎ (𝐼0 (
2𝜏𝐷

𝑡−𝑡𝑏𝑙𝑒𝑎𝑐ℎ
) + 𝐼1 (

2𝜏𝐷

𝑡−𝑡𝑏𝑙𝑒𝑎𝑐ℎ
))                 (Eq. 2.8) 

 

where a0, a1 are two normalizing coefficients introduced to account respectively 

for the non-zero intensity at the bleach moment and the incomplete recovery, 

tbleach is the bleach time, τD is the characteristic timescale for diffusion, I0, I1 are 

the modified Bessel functions of the zero and first order (Eq. 2.9): 

 

𝐼𝛼(𝑥) =
1

𝜋
∫ 𝑒𝑥𝑝(𝑥 ∙ 𝑐𝑜𝑠𝜃)

𝜋

0
∙ 𝑐𝑜𝑠(𝛼𝜃)𝑑𝜃 − ∫ 𝑒𝑥𝑝(−𝑥 ∙ 𝑐𝑜𝑠ℎ𝑡 − 𝛼𝑡)𝑑𝑡

∞

0
 (2.9) 



Chapter II - Main techniques of investigation 

 22 

 

where α is 0 for the 0-th order function and 1 for the 1-th order function, while x 

is defined as follow (Eq.2.10):  

 

𝑥 =
2𝜏𝐷

(𝑡−𝑡𝑏𝑙𝑒𝑎𝑐ℎ)
                                                     (Eq. 2.10) 

 

The diffusion coefficient for a bleach spot of radius w can be calculated from τD 

according to Eq. 2.11: 

 

𝜏𝐷 =
𝑤2

4𝐷
                                                              (Eq. 2.11) 

 

Diffusion of microgels in macroscopic gels were performed with a confocal laser 

scanning microscope Zeiss LSM 710 equipped with a 63× oil immersion 

objective, using the 488 nm Ar+ laser line for the excitation of the fluorophore 

(i.e. Fluorescein derivates). In order to determine the dynamics of the particles, 

the emitted fluorescence, in a 2D plane, was acquired every 0.39 s through a 

photomultiplier (PMT) detector. From the trajectories of the microparticles it was 

possible to calculate the mean square displacement (MSD, eq. 2.12) using the 

MSD.PRO function of the IDL program, developed by Crocker J. C. and Grier 

D. J28. 

 

𝑀𝑆𝐷 =  〈(𝑥 − 𝑥0)2〉 =
1

𝑁
∑ (𝑥𝑛 (𝑡) − 𝑥𝑛(0))

2𝑁
𝑛=1              (Eq. 2.12) 

 

where N is the number of particles to be averaged, xn(0) = x0 is the reference 

position of each particle, xn(t) is the position of each particle at time t29. 
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2.3 Analysis of composition and 

chemical structure 

 

In order to determine the composition of the xerogels and the oxidized surface of 

the bronze coins, 2D FTIR imaging analysis was carried out using a Cary 620-

670 FTIR microscope, equipped with a focal plane array (FPA) 128 x 128 

detector (Agilent Technologies). This set up allows the highest spatial resolution 

currently available to FTIR microscopes. The spectra were recorded directly on 

the surface of the samples (gels, corroded bronze coins, or the Au background) 

in reflectance mode, with open aperture and a spectral resolution of 4 cm-1, 

acquiring 128 scans for each spectrum. A ‘‘single-tile” analysis results in a map 

of 700 x 700 µm2 (128 x 128 pixels), and the spatial resolution of each imaging 

map is 5.5 µm (i.e. each pixel has dimensions of 5.5 x 5.5 µm2). Multiple tiles 

can be acquired to form mosaics. In order to improve the readability of the 

spectra, the background noise was reduced using the ‘‘smooth” tool (set at 11) of 

the Igor Pro software (Wavemetrics), taking care not to alter any diagnostic 

information deemed useful to this investigation. In each 2D map, the intensity of 

characteristic bands of the gels, or of bronze corrosion products, was imaged. The 

chromatic scale of the maps shows increasing absorbance of the bands as follows: 

blue < green < yellow < red. 
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pHEMA based hydrogel 

 
pHEMA hydrogels were first prepared and described for biological use by 

Wichterle and Lim30.  

A three dimensional polymer network was obtained polymerizing the 

monomer 2-hydroxyethyl methacrylate (HEMA) (see Figure 3 (a)) in the 

presence of a cross-linking agent in aqueous solvent.  Different approaches 

can be used to prepare pHEMA hydrogels: 

1. bulk copolymerization of the monomer with a cross-linking agent; 

2. cross-linking of the polymer in solution;            

3. simultaneous copolymerization and crosslinking of a monomer 

with a cross-linking agent in solution. 

The last method is preferable, since the polymerization can be carried out 

very quickly, and close to ambient conditions. Since the starting materials 

are in a liquid form, the formation of gels in a given shape can be readily 

obtained. 

 

 

 

 

Figure 3 (a). pHEMA molecular structure.  

. 
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The choice and concentration of the solvent during the polymerization 

determine the homogeneous or heterogeneous structure of the gel 

produced. 

If water is used as the solvent, the concentration must be below a certain 

critical level to ensure the production of an optically transparent, 

homogeneous hydrogel. When the water content exceeds this limit, opaque, 

heterogeneous, macroporous hydrogels are obtained. The critical diluent 

concentration for water in the monomer mixture has been variously 

reported, in terms of the mass fraction, from 40% to 60%. 

pHEMA gels were found to be resistant to acid hydrolysis and reaction with 

amines and incur alkaline hydrolysis significantly only at high pH and 

elevated temperature. 

A variety of co-monomers or polymers are incorporated into the system to 

modify the chemical or mechanical properties of the hydrogel31. 

pHEMA hydrogels have been used or proposed for use as contact lenses, 

corneal replacement, synthetic prosthesis, artificial skin for wound 

dressing, and as drug delivery systems32. 

The particular suitability of pHEMA as biomaterial derives from the 

similarity of its physical properties to those of living tissues. This similarity 

is mostly based on its high water content, soft and rubbery consistence and 

low interfacial tension. The hydrophilicity is one of the most important 

factors for hydrogels in medical use, even if this characteristic may lead to 

poor mechanical strength, limiting their use in biomedical application. 

Moreover, also the high resistance to enzymatic digestion of pHEMA 

hydrogels, reflected in the unwillingness of normal cells to attach 
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themselves to their surfaces and to grow on them33, has led to extensively 

use these systems as biomaterials. 

 

3.1 Hydrogels preparation 

 

All the reagents were purchased from Sigma Aldrich and used as received. 

Water was purified by using a MilliRO-6 Milli-Q gradient system (Milli-

pore, resistance >18 MΩ cm) 

 

Classical pHEMA hydrogels 

 
Chemical pHEMA hydrogels were prepared adding HEMA monomer and 

various concentration of cross-linker to a beaker. In order to remove 

dissolved oxygen that could inhibit the polymerization, the solution was 

bubbled with N2, then the initiator azobisisobutyronitrile (AIBN) and 

water, previously degassed, were sequentially added. The ratio 

HEMA/water was kept equal to 3:2 in all the prepared hydrogels, changing 

the amount and kind of cross-linker (i.e. ethylene glycol dimethacrylate 

(EGDMA) or poly(ethylene glycol) dimethacrylate (PGD)) see Table 3.1 

(a). The mixture was transferred between two glassy covers, and the 

polymerization reaction occurred at 60°C for 4 hours. They were washed 

and placed in containers filled with water, that was renewed once a day for 

7 days to remove unreacted monomers34. 
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Table 3.1 (a). Amount and type of cross-linker used in the preparation of 

chemical pHEMA hydrogels. 

 

Physical gels (pg) with 10 to 41% hydration levels were prepared by adding 

the corresponding amount of H2O (see Table 3.1 (b)) to poly(2-

hydroxyethyl methacrylate) with an average molecular weight of 20000 

Da. The so-obtained dispersions were centrifuged at 500 r.p.m. (8.3 Hz) till 

a homogenous transparent gel was obtained. 

 

 

sample cross-linker 

cross-linker/HEMA 

molar ratio (*10-3) 

H0  - 0 

HE 13 EGDMA 13.1 

HP 13  PGD 13.1 

HP 10 PGD 10.0 

HE 6 EGDMA 6.6 

HP 5 PGD 5.0 

HE 3 EGDMA 3.3 

HE 2 EGDMA 1.6 

HP 2 PGD 1.6 

HE 1 EGDMA 0.8 
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Table 3.1 (b). % of hydration in physical pHEMA hydrogels. 

 

Semi-IPN pHEMA hydrogels 

 

To prepare the pHEMA/PAA semi-IPN hydrogels, an aqueous solution of 

poly(acrylic acid) (PAA) was added to a solution of EGDMA/HEMA 

molar ratio 0.006:1, AIBN and water before polymerization. The mixture, 

after sonication and degassing, was polymerized at 60°C for 4 hours. In 

order to remove any residue of unreacted monomers and free PAA 

molecules, the hydrogels were washed with water once a day for 7 days. 

In particular, different semi-IPN hydrogels were obtained varying the ratio 

HEMA/PAA and the amount of water (see Table 3.1 (c)).  

At macroscopic level the semi-IPN hydrogel with a water content of 60% 

is not transparent. 

 

Sample Water content % 

pg11  11.5 

pg18 18.4 

pg20 20.4 

pg25 24.9 

pg27 26.6 

pg28 28.0 

pg41 41.3 
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sample HEMA wt% H2O wt% PAA wt% OH/COOH 

ratio 

s-IPN60 8:1  36 60 3 8:1 

s-IPN50 8:1  46 50 3 8:1 

s-IPN38 8:1  57 38 4 8:1 

s-IPN38 4:1  53.5 38 7.5 4:1 

s-IPN38 2:1  48 38 13 2:1 

 

Table 3.1 (c). Composition of semi-IPN pHEMA/PAA hydrogels. The 

OH/COOH ratio outlines the number of HEMA hydroxyl groups for each 

PAA carboxyl group. 

 

The semi-IPN pHEMA/PVP gel was synthesized through radical 

polymerization as reported by Domingues et al 1. Some variations in the 

synthetic process were adopted: the HEMA/PVP ratio was changed from 

30/70 to 27.5/72.5 (% w/w), the water content in the pre-gel solution was 

62.2% instead of 65%, while the cross-linker concentration was halved (see 

Table 3.1 (d)). These changes were adopted to obtain slightly softer and 

more flexible gel sheets that can be adapted to the rough surface of 

corrosion patinas. The semi-IPN was washed with water once a day for 7 

days. 
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 pHEMA/PVP 

HEMA (wt%) 10.3 

Water (wt%) 62.2 

MBA (wt%) 0.4 

AIBN (wt%) 0.1 

PVP (wt%) 27.0 

HEMA/PVP ratio (%w/w) 27.5/72.5 

 

Table 3.1 (d). Composition of the semi-IPN pHEMA/PVP hydrogel.  

 

Hydrogel loading with probes 

 

To investigate the diffusional properties of the classical pHEMA and semi-

IPN pHEMA/PAA gels, small pieces (1x1x0.1 cm3) of the different 

hydrogels were loaded with fluorescent molecules of various dimension: 

fluoresceine isothiocyanate FITC (hydrodynamic radius = 0.54 nm35), 

FITC-dextran 4 kDa (hydrodynamic radius = 1.4 nm36) and FITC-dextran 

40 kDa (hydrodynamic radius = 4.5 nm36). The samples were incubated in 

1∙10-4 M water solutions of the probes at least for two days. The 

concentration of FITC and FITC-dextran solutions was chosen to obtain a 

linear relationship between the fluorescence signal of the probe and its 

concentration, as verified by Braeckmans et al.26. 

 

Swelling and application of semi-IPNs for the cleaning of bronze 

mock-ups 
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In order to study the influence of structural and chemical changes and the 

role of tetraethylenpentamine (TEPA) in the coordination of Cu(II) ions, 

the pHEMA/PAA (s-IPN50 8:1) and the pHEMA/PVP gels were selected 

and swollen in water, reaching a stable pH of 6.3. Then, small pieces (5 x 

5 x 0.2 cm3) were cut and swollen with water at pH 8 and 12 (adjusted with 

a sodium hydroxide solution), and in a water solution of TEPA (20% w/w) 

for at least 5 days, using an excess of solution as compared to the gel’s 

mass, to make sure that the semi-IPNs exchanged completely. 

To evaluate the gels’ effectiveness for the removal of Cu(II) alteration 

products from bronze artifacts, cleaning tests were carried out on an 

artificially aged bronze coin, which was provided by CNR-ISMN (Rome, 

Italy). The artificial aging procedure, developed by Ingo et al., produces 

corrosion patinas that are similar in appearance and composition to those 

of archeological bronze artifacts38. Small sheets of the two gels (1 x 1 x 

0.02 cm3), loaded either with a 20% (w/w) TEPA or with a 9.7% (w/w) 

EDTA (i.e. ethylenediaminetetraacetic acid) aqueous solution (both at pH 

12), were applied twice on the coin surface for 45 minutes, covered with 

parafilm to limit the evaporation of fluid from the gels. EDTA was used as 

it is considered a reference complexing agent in the restoration practice; 

9.7% is the maximum concentration of the compound at pH 12. During the 

application, the gels acquire a strong blue color that indicates the absorption 

of Cu(II) ions and the formation of Cu(II) complexes. After the treatment, 

the coin substrate was rinsed with water and air-dried. In order to check the 

presence of corrosion products and gel residues, 2D FTIR Imaging was 

carried out on the coin surface before and after the application of the gels. 
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3.2  Studies of structural and 

diffusional properties  

 

Diffusion of molecules in hydrogels is an interesting study for a wide 

variety of applications, spanning from chromatography and membrane 

separation39,40to biomedical applications for encapsulation of cells or 

delivery of bioactive agents41,42. Since the transport of solute molecules in 

hydrogels takes place predominantly in the water-filled regions confined 

by the gel matrix43, the interactions between the solute and the polymer 

network, arising from hydrodynamic friction, physical obstruction, electro-

osmosis and specific binding41,44 cause a slow down in the diffusion 

compared to bulk water. In particular, it is well known that increasing 

solute size45 and decreasing the water fraction of the gel the mobility of the 

solute molecules decreases. Moreover, the cross linking process, that 

occurs during gelation, leads to the formation of a 3D network with a 

characteristic mesh size, which has a primary role in the diffusion process, 

if the solute size is comparable to the mean mesh size of the gel46. In fact, 

from previous studies, it was demonstrated that the release of a 

macromolecular drug from an hydrogel can be controlled adjusting the pore 

volume fraction and the pore size by changing the composition of the 

polymeric network and the amount of the cross-linker47. 

Several theoretical models try to describe the diffusion processes in gels48. 

The free volume theory defines the change in the diffusion rate as a 

function of the average free volume49; the obstruction assumes that the 

polymer chains are fixed and impenetrable segments immersed in a fluid50; 
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the hydrodynamic presupposes that the solute, moving at a constant 

velocity in a continuum media, is obstructed by the frictional forces of the 

gel strands. Other models were developed merging different theories, 

however all these approaches do not consider the heterogeneity of the gel 

and the solute dimension. Thus, to overcome this limit, the aim of this study 

is to understand the diffusion properties of various solute molecules in 

hydrogels with different chemical composition, in order to determine a 

correlation between the hydrogels structure and the diffusion coefficient of 

the solute. 

To improve the chemical and mechanical properties of  pHEMA networks, 

a variety of co-monomers or polymers can be used during the synthesis  of 

these hydrogels, leading to formation of  interpenetrated (IPN) or a semi-

interpenetrated (semi-IPN) polymeric networks with better capabilities of 

storing water and improved mechanical properties. For example, p(HEMA-

co-sodium methacrylate)/chitosan and pHEMA/chitosan semi-IPN 

hydrogels have higher tensile and compressive moduli than classical 

pHEMA, which increase with the molecular weight of chitosan51.  

Also different kinds and amounts of cross-linkers can be used to tune the 

water content and the mechanical strength of the polymeric network, as 

demonstrated by Han et al.51 studying p(HEMA-co-sodium 

methacrylate)/chitosan and pHEMA/chitosan semi-IPN hydrogels 

synthesized with two different cross-linkers.  

Therefore, in this study, pHEMA hydrogels with various cross-

linker/HEMA ratios and two different cross-linking agents, EGDMA and 

PGD, were formulated to investigate the effect of the amount and the 

chemical nature of the cross-linker on the water content of the gel and on 

the diffusional behaviour of solute molecules. Moreover, since only 
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classical “copolymer hydrogels” (pHEMA/PAA) have already been 

synthesized, new formulations of semi-IPN pHEMA/PAA hydrogels were 

developed and characterized to understand the influence of PAA on the 

physico-chemical and diffusional properties of the gels. In fact, while 

copolymer hydrogels have usually quite different characteristics from those 

resulting from the sum of single homopolymer17, the semi-IPNs present 

properties similar to the average of the single homopolymer properties34. 

Therefore, all the prepared systems were investigated by means of SAXS 

to study the internal structure at the nanoscale level, while DSC and TGA 

were employed to investigate the hydration level and the state of water 

entrapped in the polymeric network. Finally, FRAP experiments were 

carried out to obtain the diffusion coefficient of probes with different size 

inside the polymeric network. All these results provide a complete 

description of the relationship between the structure and the hydration of 

the hydrogels with the diffusion properties of hydrophilic molecules.  

 
 

3.2.1 Results and discussion 

 

Structural characterization 

  

SAXS curves of HE and HP hydrogels and their fitting parameters, 

obtained using the Ornstein-Zernike model, are reported in Figure 3.2.1 (a) 

and in Table 3.2.1 (a) respectively. 
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Figure 3.2.1 (a). SAXS curves of HE (left) and HP (right) hydrogels. 

Fitting curves are reported as continuous lines together with the 

experimental data (empty markers). The reported curves are offset along y-

axes for clarity.  

 

 

 Isol(0) 

 

ξ (nm) Bkg 

H0 0.74 ± 0.01 0.6 ± 0.1 0.13 ± 0.01 

HE 13 1.39 ± 0.01 0.6 ± 0.1 0.11 ± 0.01 

HE 6 1.45 ± 0.01 0.7 ± 0.1 0.11 ± 0.01 

HE 2 1.26 ± 0.01 0.6 ± 0.1 0.12 ± 0.01 

HE 1 0.86 ± 0.01 0.7 ± 0.1 0.10 ± 0.01 

HP 13 0.60 ± 0.01 0.7 ± 0.1 0.13 ± 0.01 

HP 2 0.77 ± 0.01 0.8 ± 0.1 0.13 ± 0.01 

 

Table 3.2.1 (a). Fitting parameters obtained from the SAXS curves of HE 

and HP hydrogels. 

 

Since the resolution of the experiment is about 5 Å, an increase in the cross-

linker concentration does not affect the hydrogels mesh size, as it shown in 
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Table 3.2.1 (a). This result is in agreement with the study of T. Kanaya et 

al. 54, where they demonstrate that, in a semi-dilute polymer solutions, the 

polymer chains are overlapped each other before cross-linking, thus the 

cross-linking reaction has no influence on the gel structure. 

Figure 3.2.1 (b) shows the SAXS curves of the semi-IPN hydrogels. 

Considering s-IPN 8:1 series, samples containing 50% and 60 %wt of water 

present solid-like inhomogeneities, whose average value is about 9.6 nm 

and 6.9 nm for s-IPN60 8:1 and s-IPN50 8:1 respectively, while the 

hydrogel with 38%wt of water does not have any appreciable 

inhomogeneity (see Table 3.2.1 (b)). The mesh size value is higher for the 

s-IPN60 8:1 (i.e. 1.7 nm), in agreement with other systems in which it was 

proved that the correlation length is proportional to the water content42. 

In pHEMA/PAA 38%wt series, the inhomogeneities and the mesh size 

values do not follow any particular trend. Concerning the average mesh 

size, the highest value was found for the s-IPN38 4:1 (around 1.0 nm), 

while s-IPN38 8:1 and s-IPN38 2:1 have comparable mesh size (0.7 nm) 

(see Table 3.2.1 (b)). 
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Figure 3.2.1 (b) SAXS curves of pHEMA/PAA hydrogels. Fitting curves 

are reported as continuous lines together with the experimental data (empty 

markers). The reported curves are offset along y-axes for clarity. 

 

 Isol(0)

  

 

ξ (nm) a (nm) Iex(0) bkg 

s-IPN60 

8:1  

0.70 ± 0.02 1.7 ± 0.1 9.6 ± 0.2 75.9 ± 4.5 0.09 ± 0.01 

s-IPN50 

8:1  

0.90 ± 0.02 0.8 ± 0.3 6.9 ± 0.5 36.9 ± 2.1 0.18 ± 0.01 

s-IPN38 

8:1  

0.45 ± 0.11 0.7 ± 0.1 - - 0.18 ± 0.01 

s-IPN38 

4:1  

0.45 ± 0.8 1.0 ± 0.1 14.5 ± 0.1 56.6 ± 0.1 0.21 ± 0.01 

s-IPN38 

2:1  

0.80 ± 0.01 0.7 ± 0.2 6.3 ± 0.6 3.9 ± 0.8 0.16 ± 0.01 

 

Table 3.2.1 (b). Parameters obtained from the fitting of pHEMA/PAA 

semi-IPN hydrogels. 

 

Water in hydrogels 

 

 The investigation of the amount and state of water in hydrogels provides 

important information on the absorption, diffusion and permeation 

properties of these systems. 

Preliminary studies on water state were carried out to compare the 

hydration properties in pHEMA physical and chemical classical hydrogels 

with different water content, to understand how the cross-linking process 
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influences the interaction with water molecules and between the polymer 

chain of the gel matrix. DSC curves (see Figure 3.2.1 (c) and (d)) show 2 

fractions of water in pHEMA hydrogels with up to 40% wt of water content 

according to their diverse response to freezing/melting cycles: one fraction 

is bound, thus it does not freeze and melt, and one is free.  

 

 

Figure 3.2.1 (c). DSC thermograms of physical pHEMA hydrogels with 

10 to 40% water content. The reported curves are offset along y-axis for 

clarity. 
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Figure 3.2.1 (d). DSC thermograms of chemical pHEMA hydrogels with 

10 to 40% water content. The reported curves are offset along y-axis for 

clarity. 

 

From the DSC thermograms reported in Figures 3.2.1 (c) and 3.2.1 (d) it is 

possible to observe that the freezing temperature of the water is higher for 

the most hydrated samples, in accordance with previous results by Lee et 

al.56. In the case of cg19, the melting peak was observed neither in the 

cooling nor in the heating thermograms, in agreement with previous works 

on pHEMA hydrogels56 and commercial contact lenses57, while in pg20 a 

small amount of free water (<0.05) is still present. 

Figure 3.2.1 (e) shows the fractions of free water with respect to the total 

water content for pg and cg hydrogels, to evidence how the water is 

distributed in the two different states. Bound water fraction increases with 

the water content and reaches a plateau after 20 %wt, as a consequence of 

the limited binding capacity of the hydroxyl group that can strongly 

coordinate about two water molecules. In fact, when the two water 

molecules threshold is reached additional water can not bind to the polymer 

network and behaves like free water maintaining its ability to freeze (see 

Figure 3.2.1 (e)). In the pg the plateau values are lower than in the cg, 

confirming that the hydroxyl groups are involved in the hydrogel network 

formation and they are not completely available to interact with water. Such 

results are consistent with the presence of different fractions of water with 

various mobilities, more similar to the bulk water or more associated with 

the polymer matrix, as demonstrated by Quasi Elastic Neutron Scattering 

experiments performed on these gels58. In fact, the diffusion coefficients of 

the water molecules increase, while their residence times decrease with 
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increasing the hydration level. At 20 %wt hydration, the water mobility is 

considerably higher in the physical gels, whereas at 30 %wt the water 

mobilities in the physical and chemical gels are more similar. 

 

 

Figure 3.2.1 (e). Bound (1) and free (2) water in pg and cg pHEMA 

hydrogels. Dashed lines are only a guide for the eye. Copyright © 2019 

American Chemical Society58. 

 

 FWI 

(0.01) 

free water % 

(0.1) 

boundwater % 

(0.1) 

pg11 0 0 11.5 

pg18 0.03 0.6 17.8 

pg20 0.06 1.2 19.2 

pg25 0.37 9.2 15.7 

pg27 0.41 10.9 15.7 

pg28 0.42 11.8 16.2 

pg41 0.48 19.8 21.5 

cg6 0 0 5.7 

cg11 0 0 11.1 

cg19 0.01 0.2 18.6 

cg25 0.07 1.79 23.1 
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cg27 0.05 1.4 26.0 

cg33 0.34 11.2 21.8 

cg40 0.40 16.2 24.0 

cg43 0.40 17.1 25.7 

 

Table 3.2.1 (c). Free water and bound water index derived from thermal 

analysis for pg and cg hydrogels with water content up to about 40%w/w. 

Bound and water content %wt are reported as well to show the distribution 

of the total water content in the two states. 

 

Further investigations on the hydration properties were carried out, first on 

pHEMA classical hydrogels (40% wt of water) to evaluate the effect of 

different percentage of cross-linker on water confinement, then on 

pHEMA/PAA semi-IPNs with various amount of PAA and water.  

Considering pHEMA classical hydrogels, the equilibrium water content 

decreases increasing the percentage of cross-linking agent according to an 

exponential decay (see Figure 3.2.1 (f)).  
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Figure 3.2.1 (f). Equilibrium water content as a function of the amount of 

cross-linking agent in classical pHEMA hydrogels. 

 

This behaviour can be explained calculating the water/n-octanol partition 

coefficients cLogP59 of the different components of the polymer network. 

These data were obtained from DataWarrior60, a software that is able to 

calculate the chemical-physical properties of a compound through its 

molecular structure. The most polar components are HEMA fragments 

(cLogP: 0.48), while the water affinity decreases for the cross-linker 

molecules (cLogP PGD: 1.10; cLogP EGDMA: 1.84). Thus, the EWC% 

decreases moving from the hydrogel H0, containing just HEMA 

monomers, to the other hydrogels containing increasing amounts of cross-

linker. Despite the higher water affinity, the hydrogel with PGD shows 

lower EWC% than with EGDMA. In fact, considering the dimension of the 

cross-linker molecules, PGD fragments occupy a bigger amount of the 

polymer network than EGDMA fragments (n=9 vs n=1), leading to a lower 

relative amount of HEMA fragments, the most polar components, in the 

PGD hydrogels. 

For the semi-IPN pHEMA/PAA hydrogels, the water content is almost the 

same in pHEMA/PAA 38 %wt series and it corresponds to the amount of 

water used during the synthesis. On the contrary, considering 

pHEMA/PAA 8:1 series, the water content shows small discrepancies from 

the water amount used for the synthesis. In particular, in s-IPN50 and s-

IPN60 the EWC are about 8 %wt and 5 %wt less than the amount used 

during the synthesis (see table 3.2.1 (d)).  

 

 EWC %wt 
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s-IPN60 8:1  54.5 ± 0.5 

s-IPN50 8:1  42.4 ± 0.4 

s-IPN38 8:1  38.8 ± 0.4 

s-IPN38 4:1  37.7 ± 0.4 

s-IPN38 2:1  37.5 ± 0.4 

 

Table 3.2.1 (d). Equilibrium water content %wt of semi-IPN 

pHEMA/PAA hydrogels. 

 

The state of water in the hydrogels is determined from the analysis of DSC 

curves. In particular, Cfree, related to the bulk-like water and the loosely 

bound water present in the hydrogels, is an important parameter that 

accounts for the retention and diffusive properties of a hydrogel61. 

Figure 3.2.1 (g) shows DSC thermograms of the classical pHEMA 

hydrogels, while Table 3.2.1 (e) reports the details about the melting 

enthalpy and the calculated values of Cfree and Cbound. 
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Figure 3.2.1 (g). DSC thermograms of classical pHEMA hydrogels. The 

reported curves are offset along y-axis for clarity (y-offset: 0.6 W/g). 

 

 
 

ΔHtr (J/g) Cfree 

(0.01) 

Cbound 

(0.01) 

Cfree/Cbound 
 

HE 13 53.2  0.7 0.16 0.26 0.61  0.01 

HE 6 63.7  0.8 0.19  0.22 0.86   0.02 

HE 3 64.4  0.8 0.19  0.24 0.79   0.02 

HE 2 67.6  0.9 0.20 0.20 1.00   0.02 

HE 1 75.9  1.0 0.23 0.22 1.04   0.02 

H0 78.9  1.0 0.24 0.20 1.20   0.03 

HP 13 62.0  0.8 0.19 0.23 0.83   0.02 

HP 10 62.1  0.8 0.19 0.21 0.90   0.02 

HP 5 65.4  0.8 0.20 0.20 0.96   0.02 

HP 2 69.5  0.9 0.21 0.21 1.00   0.02 
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Table 3.2.1 (e). Data obtained from DSC analysis of classical pHEMA 

hydrogels. 

 

In HE and HP hydrogels, the ratio between free water and bound water 

decreases increasing the percentage of cross-linker, as a result of a higher 

number of hydrogen bond acceptor groups that can interact and bind water 

molecules (Figure 3.2.1 (h)). Comparing pHEMA/PGD and 

pHEMA/EGDMA networks with the same amount of cross-linking agent, 

the Cfree/Cbound ratio is higher in HP hydrogels than in HE, probably because 

PGD is a much longer cross-linking molecule. This leads to a higher 

mobility of the polymeric network and, consequently, to less friction 

between water molecules and polymer chains. Finally, DSC thermograms 

reported in Figure 3.2.1 (g) show that, increasing the percentage of the 

cross-linker, the freezing peak broadens until two distinct peaks appear in 

the hydrogel when the cross-linker/molar ratio is 13.1. The peak at lower 

temperature can be related to loosely bound water, usually refers to water 

molecules that interact with the polar groups of the network only through 

hydrogen bonds. This contribution becomes more important for samples 

containing high percentage of cross-linker, because of the formation of a 

compact network and/or because of an increase of the polar groups in the 

network that can interact with water. 
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3.2.1 (h). FWI/BWI in pHEMA hydrogels with EGDMA (blue) and PGD 

(green) as a function of hydrogen bond acceptor groups. 

 

Regarding semi-IPN pHEMA/PAA hydrogels, the DSC thermograms and 

the calculated values of Cfree and Cbound are reported in Figure 3.2.1 (i) and 

Table 3.2.1 (f), respectively. 
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Figure 3.2.1 (i). DSC thermograms of semi-IPN pHEMA/PAA hydrogels. 

The reported curves are offset along y-axis for clarity. 

 

 

 ΔHtr (J/g) Cfree 

(0.01) 

Cbound 

(0.01) 

Cfree/Cbound 

s-IPN60 8:1  141.6  1.8 0.42 0.12 3.52  0.08 

s-IPN50 8:1   62.0  0.8 0.19 0.24 0.79  0.02 

s-IPN38 8:1  57.8  0.8 0.17 0.22 0.77  0.02 

s-IPN38 4:1  56.2  0.7 0.17 0.21 0.81  0.02 
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s-IPN38 2:1  57.3  0.7 0.17 0.20 0.85 

 

Table 3.2.1 (f). Data obtained from DSC analysis of semi-IPN 

pHEMA/PAA hydrogels. 

 

s-IPN60 8:1 and s-IPN50 8:1 curves (Figure 3.2.1 (i)) show only one broad 

peak, while in pHEMA/PAA 38% series, it is possible to distinguish two 

different peaks, one related to bulk like water and the other, at lower 

temperature, to the loosely bound water. Considering pHEMA/PAA 8:1 

series, the network with 60 %wt of water has the higher Cfree/Cbound ratio 

since a larger amount of water was used during the synthesis. On the 

contrary, in pHEMA/PAA 38% series, there are no appreciable differences 

of the Cfree/Cbound ratio. Moreover, the Cfree/Cbound value is similar to that 

obtained for HE 6, the classical pHEMA hydrogel with the same 

composition of the semi-IPNs except for the absence of PAA. Thus, the 

presence of PAA trapped into the gel matrix does not influence the free 

water fraction. It is possible to conclude that the percentage of cross-linking 

agent is the only parameter that can be changed to modify the retention 

properties of the hydrogels.  

 

Diffusional properties of hydrophilic molecules  

 

pHEMA hydrogels, incubated with FITC, FITC-dextran 4 kDa, and FITC-

dextran 40 kDa, were analysed with confocal laser scanning microscopy to 

evaluate the diffusion coefficients and the possible interactions of these 

hydrophilic probes with the networks.  



Chapter 3 - Macrogels 

 50 

Thus, FRAP experiments were performed on classical pHEMA and semi-

IPN pHEMA/PAA hydrogels in order to determine the self-diffusion 

coefficients of these hydrophilic solutes. As an example, the FRAP curve 

of HE 2 hydrogel, loaded with FITC, is reported in Figure 3.2.1 (j). 

 

 

 

Figure 3.2.1 (j). FRAP curve (markers) of HE 2 hydrogel loaded with 

FITC and its respective fitting (continuous line). 

 

The diffusion coefficients values in pHEMA classical hydrogels, obtained 

from the fitting of the FRAP curves with Soumpasis model27, range from 

0.392 to 0.091 µm2/s and decrease increasing the percentage of the cross-

linking agent (see Table 3.2.1 (g)). These values are about three orders of 

magnitude lower than the FITC in water. In particular, the diffusion 

coefficient of FITC decreases of about 5% from H0 to HE 1 and 64% from 

H0 to HE 2. The lowest diffusion coefficient value is measured in HE 13, 

that contains the highest amount of cross-linker. The same trend was 

observed in the HP series, but the motion of the probe is faster in HP 
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networks than in HE networks. This can be explained considering that the 

longer chain of PGD leads to a higher mobility of the polymeric network. 

 

 cross-linker/HEMA 

molar ratio (*10-3) 

FITC - D (µm2/s) 

Water solution - 397a 

H0 0 0.392 ± 0.032 

HE 13 13.1 0.060 ± 0.005 

HP 13 13.1 0.091 ± 0.007 

HE 2 1.6 0.142 ± 0.011 

HP 2 1.6 0.286 ± 0.023 

HE 1 0.8 0.373 ± 0.030 

  

Table 3.2.1 (g). Diffusion coefficients of FITC in classical pHEMA 

hydrogels. aDiffusion coefficient of FITC in water solution was calculated 

from the Stokes-Einstein equation at 20 °C (D =
kT

6πηRh
), where η is the 

viscosity of the solvent (i.e 1 cP) and Rh hydrodynamic of the fluorophore 

(i.e 0.54 nm for FITC). 

 

The FITC diffusion coefficients can be related to the ratio between free and 

bound water: the probe mobility increases with Cfree/Cbound ratio, with a 

sigmoidal trend (Figure 3.2.1 (k)). In this regard, the diffusion process, 

mediated by the free water fraction, seems to be completely activated only 

when the Cfree/Cbound ratio reaches the unity.  
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Figure 3.2.1 (k). Trend of FITC diffusion coefficients as a function of the 

ratio between free and bound water in classical pHEMA hydrogels. 

 

In the case of the other hydrophilic probes with greater molecular weight, 

i.e. FITC-dextrans, confocal microscopy reveals that, differently from 

FITC, they do not enter into any of classical pHEMA hydrogels. In 

particular, in the case of FITC, the green fluorescence of the probe is 

evident both in solution and in the polymeric network (Figure 3.2.1 (l) A), 

while, in the case of FITC-dextran 4 kDa, the green fluorophore is confined 

only in solution (Figure 3.2.1 (l) B). 
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Figure 3.2.1 (l). Laser confocal scanning microscopy horizontal sections 

of HE D hydrogels loaded with aqueous solutions of FITC (A) and FITC-

dextran 4 kDa (B).   

 

The incomplete recovery of the photobleaching in FRAP experiment means 

that a portion of molecules cannot freely diffuse in the polymer network. 

Therefore, fluorescence measurements were performed to investigate the 

possible interactions between the fluorophore and the polymeric network. 

The protolytic constants of FITC, relating the chemical activities of the 

cation, neutral, anion and dianion forms, are pK1= 2.08, pK2= 4.31 and 

pK3=6.43, respectively62. 

Figure 3.2.1 (m) shows the fluorescence spectra of FITC measured in the 

solution in equilibrium with the hydrogels and inside classical pHEMA 

hydrogels. 



Chapter 3 - Macrogels 

 54 

  

 

Figure 3.2.1 (m). Fluorescence spectra of FITC in solution and in H0, HE 

D and HP D hydrogels. All data are normalized at 520 nm. 

 

Since the pH value of the solution in equilibrium with the hydrogels is 

around 6.7, the fluorescence spectrum of FITC in solution presents one 

peak with a maximum at 520 nm, ascribable to the presence of the dianionic 

form of the FITC as reported by Sjoback et al.63. On the contrary, FITC 

spectra in H0, HE and HP networks show one additional broad peak around 

550 nm, ascribable to the presence of FITC molecules in the mono-anionic 

form63, due to the formation of hydrogen bonds between hydroxyl and 

carboxyl groups of fluorescein and hydroxyl groups of HEMA.  

Also the mobility of the probes in the semi-IPN pHEMA/PAA hydrogels 

was evaluated by means of FRAP experiment (see Table 3.2.1 (h)). 
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 FITC 

D (µm2/s) 

FITC-dextran 4 

kDa D (µm2/s)  

FITC-dextran 40 

kDa D (µm2/s) 

Water  397a 153a 48a 

s-IPN60 8:1  0.242 ± 0.019 0.028 ± 0.002 0.003 ± 0.001 

s-IPN50 8:1  0.107 ± 0.009 0.038 ± 0.003 - 

s-IPN38 8:1  0.067 ± 0.005 0.021 ± 0.002 - 

s-IPN38 4:1  0.041 ± 0.003 0.015 ± 0.001 - 

s-IPN38 2:1  0.034 ± 0.003 0.013 ± 0.001 - 

 

Table 3.2.1 (h). Diffusion coefficients of the different probes in the semi-

IPN pHEMA/PAA hydrogels. aDiffusion coefficient of probes in solution 

are obtained from Stokes-Einstein equation. 

The diffusion coefficients of the fluorescent molecules, obtained from the 

fitting of the FRAP curves performed on pHEMA/PAA networks, are about 

four orders of magnitude slower than those measured in water. This is a 

clear evidence of the confinement of the liquid phase inside the polymeric 

network. Comparing the diffusion coefficients of the different probes in the 

same hydrogel, it is possible to observe that they decrease of about one 

order of magnitude from FITC to FITC-dextran 4 kDa and FITC-dextran 

40 kDa, according to an increase of the molecular dimension. In particular, 

FITC-dextran 40 kDa can penetrate only into the s-IPN60 8:1 network 

since its mean mesh size is higher than the others, as seen by SAXS 

experiments. Examining the mobility of the same probe into the different 
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networks, the diffusion coefficients decrease with increasing the water 

content of the hydrogels (Figure 3.2.1 (n)).  

 

Figure 3.2.1 (n). Diffusion coefficients of FITC (pink column), FITC-

dextran 4 kDa (violet column) and FITC-dextran 40 kDa (light blue 

column) in semi-IPN pHEMA/PAA hydrogels. 

 

As in the case of classical pHEMA hydrogels, the fluorescence spectra of 

FITC were measured in the solution in equilibrium with the hydrogels and 

inside the polymeric network to evaluate possible interactions between the 

probe and the gel structure (Figure 3.2.1 (o)). 
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Figure 3.2.1 (o): Fluorescence spectra of FITC in solution and in semi-IPN 

pHEMA/PAA hydrogels. All data are normalized at 520 nm. 

 

The fluorescence spectrum of FITC in the solution in equilibrium with the 

gel (pH=5.4) shows two peaks, one with a maximum at 520 nm, and the 

other, less intense, around 550 nm, meaning that FITC is mainly present as 

anion. The fluorescence spectra acquired on FITC loaded in pHEMA/PAA 

networks shows the same two peaks. In particular, considering 

pHEMA/PAA 8:1 series, the peak centred at 550 nm becomes more intense 

decreasing the water content of the gel, as a consequence of a stronger 

interaction between hydroxyl and carboxyl groups of fluorescein and 

hydroxyl and carboxyl groups of pHEMA and PAA, that shifts the 

equilibrium to the anionic form of FITC. The same trend is observed 

increasing the amount of PAA, keeping constant the water content (from s-

IPN38 8:1 to s-IPN38 2:1). 
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3.2.2  Conclusions 
 

Understanding the correlation between the hydrogel structure and 

hydration level with the diffusion processes of small molecules and 

macromolecules is interesting for several applications, spanning from 

biomedical field as drug delivery systems, to art restoration for the 

confinement of complex cleaning fluids.                                

For this purpose, two different systems have been investigated: pHEMA 

classical hydrogels, widely used for soft contact lenses technology, and 

semi-IPN pHEMA/PAA polymer networks, novel hydrogels formulated to 

understand the influence of a polyelectrolyte (polyacrylic acid) on the 

network structure and on the diffusion through the hydrogel. Classical 

pHEMA networks were synthesized with various cross-linker/HEMA ratio 

and with two cross-linking agents of different length, while the semi-IPNs 

were formulated with different water content (i.e. 38%, 50%, 60), but the 

same ratio between HEMA and PAA monomers (i.e. 8:1) or with a constant 

water content of 38%, but diverse HEMA/PAA ratio (i.e. 8:1, 4:1, 2:1).                          

First of all, the hydration properties of classic pHEMA hydrogels were 

compared with physical pHEMA hydrogels at various water content to 

figure out the influence of the cross-linking process on the interaction of 

the polymer chains among themselves and with water molecules. Then, 

considering classical pHEMA hydrogels, it was demonstrated that the 

water content and the free/bound water ratio decreases with increasing the 

amount of cross-linker. The latter value is higher in HP networks, as a 

consequence of a longer chain of PGD than EGDMA leading to a higher 

mobility of the gel matrix. SAXS experiments reveal a local correlation 

length below 1 nm in all the pHEMA systems, suggesting that the length 
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and concentration of the cross-linking agent does not influence their 

nanostructure. Due to the small mesh size of all classical pHEMA 

hydrogels, only FITC can diffuse inside them for size exclusion 

phenomena. FRAP curves do not show a complete recovery of the 

photobleaching, meaning that an interaction between the probe and the 

network occurs, as confirmed from fluorescence spectra, where it was 

possible to qualitatively follow the hydrogen bond interactions between the 

probe and the network. FRAP curves reveal also an increase of the FITC 

diffusion inside the hydrogels decreasing the cross-linker density and 

increasing the ratio between free and bound water. In particular, a 

sigmoidal trend of D vs Cfree/Cbound seems to indicate that the diffusion 

becomes completely activated only when the hydrogel reaches a water-

percolated state as a result of a cooperative process. 

In the case of semi-IPN pHEMA/PAA hydrogels, the Cfree/Cbound is almost 

the same for all the samples, since PAA has almost the same capability of 

pHEMA to interact with water molecules. SAXS analysis reveals the 

existence of  solid-like inhomogeneities, that increase in size with the 

increasing of the water content in the gels, and an average mesh dimension 

similar to that of classical pHEMA, except in the case of s-IPN60 8:1. FITC 

and FITC-dextran 4 kDa can diffuse into all these hydrogels, while FITC-

dextran 40 kDa can penetrate only in s-IPN60 8:1, thanks to its bigger mesh 

size. From FRAP experiments it was possible to assess that the diffusion 

coefficient increases with the water content and with the decrease of the 

amount of PAA, as the result of a lower interaction between the probes and 

the polymeric network.  

All these results provide a complete picture of the link between the 

structure, water state and transport properties in pHEMA based classical 
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and semi-IPN hydrogels, giving valuable information for the development 

of improved formulation specific for new applications. 
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3.3 Semi-IPN hydrogels for the 

removal of Cu(II) alteration 

products from bronze  

 

 

Metallic artifacts represent a wide part of the artistic and architectural 

production spanning over millennia, however they usually suffer from 

degradation processes that can alter their appearance and integrity. In 

particular, copper-based artifacts are affected by corrosion phenomena that 

lead to the formation of a patina on their surface, also characterized by the 

presence of copper oxychlorides (atacamite and its polymorphs, 

Cu2(OH)3Cl). These compounds are responsible of the so called “bronze 

disease”, a cyclic degradative process able to consume the objects up to 

their complete disintegration (see reaction below).  

 

4CuCl + O2 + 4H2O → 2Cu2(OH)3Cl + 2H+ + 2Cl- 

 

Traditionally, the removal of copper oxychlorides is performed by 

mechanical (vibrating or abrasive tools, ultra-high-pressure water)64, 

optical (laser ablation), or chemical methods (bases, acids and complexing 

agents)65, however these approaches involve several risks for the artifacts, 

because they are invasive and scarcely selective. Therefore, the 

confinement of cleaning fluids is a necessary step to allow a controlled 

removal of the patina without affecting the original objects. Traditional 
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thickeners used in restoration are not enough retentive and exhibit poor 

mechanical properties, leaving residues on the treated surfaces66. In the last 

decade, chemical hydrogels have been proposed as optimal matrices to 

confine fluids for the safe cleaning of works of art67,68,69,70. In particular, in 

this work a semi-IPN pHEMA/PVP hydrogel was chosen as confining 

matrices for cleaning solutions, based on its ideal mechanical properties 

and retentivness and on the ability of PVP to form complexes with metal 

ions1. Moreover, a pHEMA/PAA network, previously studied, was 

selected, due to its ability to give strong coordination bonds with Cu(II) at 

alkaline pH, thanks to the presence of carboxylate groups72. The cleaning 

fluid upload in the semi-IPNs, owing to its high complexing selectivity to 

Cu(II) ions, was tetraethylenpentamine (TEPA). In fact, the complex 

formed with Cu(II) has a stability constant logKf = 22.8 at 25°C73, four 

orders of magnitude higher than that of the complex with tetrasodium salt 

of ethylenediaminetetraacetic acid (EDTA, Y4-) (logKf = 18.8 at 25°C and 

1 M)74, the chelating agent traditionally used for the removal of copper 

corrosion products64,75. 

To understand the influence of structural and chemical changes of 

pHEMA/PVP and pHEMA/PAA hydrogels and the role of TEPA in the 

coordination of Cu(II) ions, the semi-IPNs were swollen in water at 

different pH values (6, 8, 12), and in a water solution of TEPA (pH 12), 

and analyzed by means of SAXS, SEM, DSC, TGA, and FTIR-FPA. 

Finally, the semi-IPNs were applied on an ‘’archaeological’’ bronze coin, 

to investigate, by FTIR-FPA chemical mapping, their ability to solubilize 

and remove copper oxychlorides. 
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3.3.1 Results and discussion 

 

 

 Changes in the hydrogels structure at the microscale level, caused by pH 

variations, were investigated through SEM analysis. At pH 6, 

pHEMA/PAA semi-IPN shows a compact structure without micron-scale 

porosity (Figure 3.3.1 (a-1)), while at pH 8 it has a quite homogeneous 

porosity in the 7-10 m range (Figure 3.3.1 (a-2)). A heterogeneous 

structure with pores that have an irregular shape and a broad size 

distribution (from 1 to 15 m) are noted at pH=12 (Figure 3.3.1 (a-3)). In 

the case of pHEMA/PVP semi-IPNs, a  micron-scale porous structure is 

present at all pH: pores with a fairly regular shape that have dimensions of 

5-12 m are observable at pH=12 (Figure 3.3.1(a-4)), while at pH 8 (Figure 

3.3.1 (a-5)), it is possible to note three different size distributions (i.e. < 1 

m, 4-5 m, and 14-20 m); at pH 12 pores with an elongated shapes, 

whose dimensions range from 2 to 8 µm, are arranged in rows in a ordered 

pattern, (Figure 3.3.1 (a-6)). When the gels are loaded with TEPA, the free-

drying process results in a collapse of the porosity, and a plain smooth 

surface is observed, with no relevant features. 
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Figure 3.3.1 (a). SEM images of pHEMA/PAA and pHEMA/PVP 

xerogels obtained from the corresponding hydrogels swollen in water at pH 

6 (left, top and bottom), 8 (center, top and bottom), and 12 (right, top and 

bottom). Bar is 10 µm. 

 

SAXS experiments were performed to investigate changes in the 

nanostructure of the semi-IPN hydrogels due to pH variations, the presence 

of TEPA, and TEPA with Cu(II) ions (following the application of the gels 

onto corroded bronze coins). Figure 3.3.1 (b) and 3.3.1 (c) show 

respectively the SAXS curves of pHEMA/PAA and pHEMA/PVP 

hydrogels at pH 6, 8 and 12 (3.3.1 (b) and 3.3.1 (c)), and loaded with TEPA 

3.3.1 or with TEPA and Cu(II) ions (3.3.1 (b) and 3.3.1 (c)), after 

subtraction of cell contribution. All the SAXS curves were modelled using 

a generalized version of the Debye-Bueche approach76, with two q-

dependent contributions and an instrumental flat background, as described 

in Chapter II. 

Table 3.3.1 (a) and Figure 3.3.1 (b) report respectively the fitting 

parameters and the SAXS curves of pHEMA/PAA semi-IPNs swollen in 
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water.  The average mesh size increases moving from pH 6 to pH 12, due 

to the electrostatic repulsion between PAA chains when the carboxyl 

groups are ionized, leading to the stretching of the polymer chains77. In fact, 

increasing the pH values, also an increase of EWC is observed, in 

agreement with other studies where the mesh dimension is associated to the 

equilibrium water content55. The hydrogel at pH 6 has a Porod exponent of 

ca. 3.8, indicating that the polymer network is collapsed, while at pH 8 and 

12 this value is around 2.3 for both systems, suggesting that the semi-IPNs 

are in a theta solvent78. The increase in water content (higher EWC) leads 

to a  less homogeneous semi-IPN at the nanoscale, as previously reported 

in another study34. In particular the dimension  of spatial inhomogeneities 

increases from 1.7 nm at pH 6 to 7.3 nm at pH 8, and ca. 5 at pH 12. 

When pHEMA/PAA is loaded with a water solution of TEPA (20%, 

pH=12) the mesh size and the dimension of solid-like inhomogeneities are 

smaller than those of the gel swollen in water at the same pH, while the 

Porod exponent is slightly higher. These changes are probably related to 

interactions among TEPA and the carboxyl groups in PAA. TEPA 

molecules might interpose between PAA chains, screening the repulsion 

between the ionized carboxyl groups, and making the semi-IPN tighter. In 

the presence of copper II ions, a further decrease of the mesh and 

inhomogeneities size is detected. In a study of Cheng et al. a decrease of 

the radius of gyration (Rg) was reported for a poly(N-isopropylacrylamide) 

copolymer hydrogel that adsorbed Cu(II). This change was attributed to the 

formation of complexes between the ions and chelating groups in the 

polymer chains79. In our case, the lower mesh size can be ascribable to the 

formation of complexes between Cu(II), ionized carboxyl groups of PAA 

and amine groups of TEPA80. Moreover, also a small decrease in the EWC 
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(about 6%) is observed after the uptake of ions, in agreement with a lower 

mesh size value55. Finally, the increase in the Porod exponent (see Table 

3.3.1 (a)) indicates a transition to a denser aggregate structure. 

 

 

Figure 3.3.1 (b). SAXS curves and fitting (grey lines) of pHEMA/PAA 

semi-IPNs swollen in water: 1) at pH 6 (triangles), 8 (squares), and 12 

(diamonds), and 2) loaded with TEPA (red squares) or TEPA and copper 

II ions (red triangles).  

 

 pH=6 pH=8 pH=12 20%TEPA 20%TEPA 

Cu(II) 

Isol 1.37 ± 0.05 2.77 ± 0.05 11.15 ± 0.58 9.48 ± 0.19 3.36 ± 0.09 

ξ (nm) 0.60 ± 0.01 0.83 ± 0.01 1.82 ± 0.06 1.14 ± 0.02 0.78 ± 0.01 

m 3.75 ± 0.16 2.29 ± 0.05 2.34 ± 0.04 2.43 ±0.03 3.33 ± 0.07 

Iex 2.67 ± 0.05 13.35 ± 0.96 144.33 ± 0.99 79.30 ± 0.89 7.86 ± 0.17 

a (nm) 1.67 ± 0.06 7.28 ± 0.03 4.96 ± 0.05 5.54 ± 0.05 2.52 ± 0.07 

bkg 0.44 ± 0.01 0.34 ± 0.01 0.11 ± 0.01 0.03 ± 0.01 0.54 ± 0.01 

 

Table 3.3.1 (a). Fitting parameters obtained from SAXS curves of 

pHEMA/PAA hydrogels. 
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Regarding pHEMA/PVP hydrogels (see Table 3.3.1(b), and Figure 

3.3.1(c)), the average mesh size at pH=6 is in agreement with previous 

studies34, and remains unchanged at pH=8, while at pH 12 it decreases of 

about 1 nm. This can be explained considering that the enol tautomer of 

PVP can lose a proton to form an enolate at alkaline pH values (>> 10)81. 

Thus, the partial deprotonation might result in an increase of inter and 

intramolecular hydrogen bonds between enol and enolate groups in the 

PVP chains, leading to a smaller mesh size and to a more compact structure, 

as also suggested by the slight increase of the Porod exponent. The smallest 

value of ξ (ca. 2 nm) and the highest value of m (2.7) are obtained for the 

gel swollen in the water solution of TEPA (pH=12) (see Table 3.3.1 (b)). 

Similarly low values are found after Cu(II) uptake, likely because the 

enolate groups are able to interact with TEPA molecules and Cu(II) ions, 

closing together in the formation of complex structures.  

 

 

 

Figure 3.3.1 (c) SAXS curves and fitting (grey lines) of pHEMA/PVP 

hydrogels swollen in water: 1) at pH 6 (triangles), 8 (squares), and 12 

(diamonds), and 2) loaded with TEPA (red squares) or TEPA and copper 

II ions (red triangles). 
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 pH=6 pH=8 pH=12 20%TEPA 20%TEPA 

Cu(II) 

Isol 25.26 ± 11.3 37.70 ± 5.39 15.46 ± 0.63 7.31 ± 0.41 10.78 ± 0.54 

ξ (nm) 3.43 ± 0.54 3.81 ± 0.23 2.34 ± 0.06 1.94 ± 0.06 2.28 ± 0.07 

m 2.49 ± 0.03 2.44 ± 0.02 2.58 ± 0.03 2.69 ±0.05 2.61 ± 0.05 

Iex 68.48 ± 8.84 62.19 ± 2.92 34.90 ± 2.03 46.35 ± 0.62 89.08 ± 0.98 

a (nm) 4.93 ± 0.57 6.85 ± 0.83 6.50 ± 0.37 5.05 ± 0.10 6.15 ± 0.09 

bkg 0.20 ± 0.01 0.09 ± 0.01 0.04 ± 0.01 0.20 ± 0.01 0.38 ± 0.01 

 

Table 3.3.1 (b). Fitting parameters obtained from SAXS curves of 

pHEMA/PVP hydrogels. 

 

The study of the water content and state in the hydrogels gives information 

on the absorption and permeation properties of these systems. The DSC 

curves of all the gels are reported in Figure 3.3.1 (d).  
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Figure 3.3.1 (d). DSC curves of pHEMA/PAA and pHEMA/PVP 

hydrogels swollen in water (left panel top and bottom respectively) and in 

the water solution of TEPA (right panel top and bottom respectively). The 

reported curves are offset along y-axis for clarity. 

 

The equilibrium water content in pHEMA/PAA semi-IPNs, swollen at 

different pH, is strongly related to the porosity of the gels and to the 

hydrophilic character of PAA. The EWC is similar to the values obtained 

for the classical pHEMA chemical gels58,82at pH 6, when the carboxyl 

group are completely protonated (see Table 3.3.1 (c)), and it increases up 

to 57 and 79% at pH 8 and 12, due to the ionization of the carboxyl groups.  

When the hydrogel is loaded with TEPA (pH 12), the solvent content is c.a. 

76% and passing to 71% after the absorption of Cu(II). This indicates that 

some free water and TEPA are lost through evaporation during the 

application of the gel on the bronze coin, even if the gel was covered with 

parafilm. Moreover, the free water index increases passing from pH 6 to 12 

(see Table 3.3.1(c)), according to the presence of more hydrophilic 

moieties in the network (carboxylate groups in PAA), and a higher meso- 

and microporosity, as shown by SAXS and SEM experiments.  

 



Chapter 3 - Macrogels 

 70 

 pH 6 pH 8 pH 12 TEPA TEPA Cu 

ΔHtr (J/g) 76.5 ± 1.7 154.3 ± 1.27 293.2 ± 6.1 127.4 ± 4.1 109.0 ± 3.1 

EWC % 42.9 ± 0.9 56.8 ± 1.1 79.1 ± 3.7 76.3 ± 1.6 71.3 ± 1.4 

FWI 0.53 ± 0.02 0.81 ± 0.02 1.11 ± 0.07 0.50 ± 0.03 0.46 ± 0.02 

 

Table 3.3.1 (c). Data obtained from DSC and TGA analysis of 

pHEMA/PAA semi-IPNs swollen in water at pH 6, 8, and 12 and in TEPA 

water solution before and after Cu(II) uptake. 

 

Both the EWC and FWI of the pHEMA/PVP hydrogels do not change when 

the semi-IPNs are swollen in water at different pH (Table 3.3.1(d)). The 

values of these parameters are higher than those of pHEMA/PAA gels, due 

to the high relative content of PVP, a very hydrophilic polymer. The 

equilibrium solvent content does not change significantly in the presence 

of TEPA and Cu(II) ions, indicating the high hydrophilicity of these 

systems. 

It must be pointed out that, for both systems, there is a significant decrease 

in the heat of the ice melting transition and, consequently, in the FWI (ΔHtr, 

see Table 3.3.1 (c) and 3.3.1 (d)), when Cu(II) ions are absorbed in the gels. 

In fact, part of the bulk water molecules can coordinate with the metal ions, 

participating in the formation of complexes. 

 

 pH 6 pH 8 pH 12 TEPA TEPA Cu 

ΔHtr (J/g) 296.1 ± 3.9 317.2 ± 1.1 299.5 ± 5.26 154.6 ± 2.5 133.5 ± 4.1 

EWC % 88.3 ± 0.5 89.1 ± 1.3 89.0 ± 2.1 86.5 ± 0.01 85.6 ± 0.8 

FWI 1.01 ± 0.02 1.07 ± 0.02 1.01 ± 0.04 0.54 ± 0.01 0.47 ± 0.02 
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Table 3.3.1 (d). Data obtained from DSC and TGA analysis of 

pHEMA/PVP semi-IPNs swollen in water at pH 6, 8, and 12 and in TEPA 

water solution before and after Cu(II) uptake. 

 

 FTIR 2D imaging performed on the pHEMA/PAA hydrogel at pH 6 

provides spectra that exhibit derivative-shaped peaks and distortions 

typical of reflective surfaces (see Figure 3.3.1 (e)). The OH and CH 

stretching bands are not present, and the main peaks are those of C=O 

stretching (derivative shape, maximum at 1745 cm-1), CH2 bending (1496 

cm-1), C-O stretching (1294 cm-1), and C-O-C stretching (derivative shape, 

maximum at 1197 cm-1, and 1092 cm-1)83,84. At alkaline pH values the 

shape of the spectra are more similar to that of standard transmission 

spectra, due to a change in the refractive index of the gel, following the 

neutralization of the carboxyl groups in PAA and the rearrangement of the 

polymer chains. Both the OH and CH stretching bands are clearly 

observable, and the C=O stretching peak shows two components around 

1740 cm-1 (pHEMA) and 1715 (PAA) cm-1 83,84. Moreover, the spectra 

show a new band at 1578 cm-1, related to the antisymmetric stretching of 

the carboxylate in PAA, whose intensity increases moving from pH 8 to 

pH 12 (see Figure 3.3.1(e)). Besides, at pH 8 the carboxylate groups are 

concentrated in domains from tens to hundreds of microns, while at pH 12 

all the gel matrix exhibits the presence of –COO- groups. 
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Figure 3.3.1 (e). FTIR 2D Imaging of pHEMA/PAA xerogels obtained 

from hydrogels swollen in water at different pH values. Below each visible 

image, the corresponding 2D FTIR Imaging map shows the intensity of the 

band at 1578 cm-1 (-COO- antisymmetric stretching of carboxylate groups 

in PAA). All maps have dimensions of 700 x 700 µm2, each axis tick being 

50 µm. The bottom panel shows spectra of representative pixels (5.5 x 5.5 

µm2) in the corresponding 2D Imaging map. 

 

The FTIR 2D imaging of pHEMA/PAA xerogels, obtained from semi-IPNs 

loaded with TEPA, is shown in Figure 3.3.1 (f). The polyethylene amine 

loaded in the gels changes their refractive index, leading to strongly 
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derivative-shaped C=O and C-O-C stretching peaks. The most relevant 

band has two maxima at 1660 and 1610 cm-1. The latter is assigned to the 

NH deformation of primary amine in TEPA85, while the first component 

can be ascribed to the stretching of the carboxyl groups in PAA neutralized 

by a polyethylene amine86. The interaction occurs between the amine group 

of TEPA and the acid moieties of PAA, interfering with the interchain 

hydrogen bonds. Thus, the H atom of the carboxyl group protonates the 

amine groups, shifting the carboxylate vibration to a higher wavenumber 

with respect to the gels swollen in water at the same pH. In the presence of 

Cu(II) ions, the peak is no longer clearly observable across all the gel’s 

surface, as shown by the 2D Imaging maps. Our hypothesis is that the 

carboxylate vibration peak might be either shifted back to lower 

wavenumbers (convoluting with the TEPA NH deformation band), or 

decreased in intensity, due to the formation of a ternary polymer-metal 

complex by both PAA and TEPA with the copper ions. In fact, the 

formation of mixed Cu(II) complexes with PAA and polyethylene imines 

(PEI) has been already reported by Kabanov et al.87, where two 

coordination sites are occupied by PAA carboxylates, and two by amine 

groups. Similar complexes can be formed in the case of the PAA-Cu-

TEPA. 
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Figure 3.3.1 (f). (Top) FTIR 2D Imaging of xerogels obtained from 

pHEMA/PAA hydrogels: (top left) swollen with water at pH 12; (top 

center) xerogels obtained from gels swollen with a TEPA solution (20 

wt%); (top right) xerogels obtained from gels that were swollen with the 

TEPA solution and then placed on a bronze coin mock-up containing Cu(II) 

corrosion products. Below each visible image, the corresponding 2D FTIR 

Imaging map shows the intensity of the band at 1660 cm-1 (assigned to the 

-COO- antisymmetric stretching of carboxylate groups in PAA). All maps 

have dimensions of 700 x 700 µm2, each axis tick being 50 µm. The bottom 

panel shows spectra of representative pixels (5.5 x 5.5 µm2) in the 

corresponding 2D imaging map. 
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The FTIR 2D imaging of pHEMA/PVP xerogels, obtained from the gels 

swollen in water at different pH values, is reported in Figure 3.3.1 (g). All 

the main vibrational bands of the two polymers are clearly observable88,83 , 

however a band at 1578 cm-1 progressively emerges at alkaline pH and 

increases passing from pH 8 to pH 12, as shown in the 2D Imaging maps. 

This band could be assigned either to a combination of O-H and C-H 

bending89, or to the presence of an enolate ion, even if the latter would be 

expected at slightly higher wavenumbers90. In fact, as previously reported 

by Nikiforova T. et al. 81, the hydroxyl group of the enol structure of PVP 

loses a proton at pH >> 10, converting the polymer to its enolate form. It 

must be noticed that the carbonyl band of the lactam form of PVP is also 

observable at 1655 cm-1. 
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Figure 3.3.1 (g). FTIR 2D Imaging of pHEMA/PVP xerogels obtained 

from hydrogels swollen in water at different pH values. Below each visible 

image, the corresponding 2D FTIR Imaging map shows the intensity of the 

band at 1578 cm-1 (assigned to the stretching of enolate ions in PVP). All 

maps have dimensions of 700 x 700 µm2, each axis tick being 50 µm. The 

bottom panel shows spectra of representative pixels (5.5 x 5.5 µm2) in the 

corresponding 2D Imaging map. 

 

In the pHEMA/PVP gels, loaded with TEPA, an inhomogeneous pattern of 

the absorbance intensity in the 1615-1535 cm-1 region is detected in the 

FTIR 2D Imaging maps (see Figure 3.3.1(h)). In the main portion of the 

maps (yellow-red pixels), the band at 1600 cm-1, related of NH deformation 
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of TEPA, is clearly observable, as part of a derivative peak whose flexus 

falls at ca. 1580 cm-1. This band might include the contribution from 

enolate groups in PVP. In some portions (green pixels), there is no band 

around 1600 cm-1, but a shoulder of the PVP carbonyl peak is detected at 

ca. 1620 cm-1, along with a derivative band with a maximum at 1500 cm-1 

and a flexus at ca. 1485 cm-1. The first peak is assigned to the NH 

deformation of TEPA (shifted upwards), while the latter to the enolate 

(shifted downwards) and CH2 vibrations. The bands shifts were ascribed to 

interactions between the amine groups in TEPA and polar or charged CO 

groups in PVP. In fact, after the uptake of Cu(II) ions in the gel, the shifts 

are observed in a larger portion of the maps (i.e. majority of green pixels in 

FT-IR imaging map). Since PVP is able to coordinate with copper through 

the O atom rather than N91, the interactions between PVP and TEPA might 

be favored by the coordination of Cu(II) with CO groups and amines, which 

come close together while binding to the ions.  
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Figure 3.3.1 (h). (Top, left panels) FTIR 2D Imaging of xerogels obtained 

from pHEMA/PVP hydrogels swollen with a water solution of TEPA (20 

wt%); (Top, right panels) xerogels obtained from gels that were swollen 

with the TEPA solution and then placed on a bronze coin mock-up 

containing Cu(II) corrosion products. Below each visible image, the 

corresponding 2D FTIR Imaging map shows the intensity of the 1615-1535 

cm-1 region. All maps have dimensions of 700 x 700 µm2, each axis tick 

being 50 µm. The bottom panel shows spectra of high (red) or low (green) 

intensity representative pixels (5.5 x 5.5 µm2) in the corresponding 2D 

Imaging map. 

 

The semi-IPN hydrogels, loaded with TEPA, were applied on the surface 

of a bronze coin that was artificially aged to mimic archaeological bronze 
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artifacts (see Figures 3.3.1 (i and j)). After aging, the coin surface was 

covered with a thick and heterogeneous green patina of copper 

oxychlorides, which shows characteristic IR bands between 3550 and 3300 

cm-1 (OH stretching92) and at 950 cm-1 93. The application of the gels 

resulted in a progressive removal of the oxychlorides, preserving the inner 

red layer (whose color is indicative of cuprite, Cu2O
93 inhomogeneously 

present over the surface). Since cuprite is considered a protective layer 

against further corrosion, as it passivates the surface, the use of these 

retentive semi-IPNs, that can control the cleaning action, is advantageous 

from an applicative standpoint resulting in a strong control of the cleaning 

action. Where cuprite was not present, the cleaning intervention brought 

back the bronze surface and the whitish patinas of calcium carbonate (with 

characteristic IR bands at 2512, 1793 and 1463 cm-1 94) that can eventually 

be removed through the use of complexing agent selective for calcium. As 

shown in Figure 3.3.1 (j), the removal of copper oxychlorides at the micron 

scale was confirmed by 2D FTIR imaging, with a detection limit < 1 

pg/pixel (1 pixel = 5.5 x 5.5 µm2). It must be noticed that pHEMA/PVP 

and pHEMA/PAA gels, loaded with TEPA, were equally effective in terms 

of cleaning power and duration of the intervention. In theory, 

pHEMA/PAA semi-IPN should be more efficient in the removal of copper 

corrosion products, thanks to the stronger complexing strength of 

carboxylate groups in PAA as compared to carbonyls in PVP. However, 

pHEMA/PVP gels have higher equilibrium solvent content, thanks to the 

superior hydrophilicity of PVP. Both formulations work better than semi-

IPNs loaded with EDTA (see Figure 3.3.1 (i)), as expected from the higher 

stability constant of TEPA-Cu(II) than of EDTA-Cu(II). 
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Figure 3.3.1 (i). Artificially aged bronze coin before (left) and after 

(center) cleaning with semi-IPNs loaded with TEPA. The application of the 

gels (two cleaning rounds, 45 minutes each) led to the removal of the green 

corrosion products (copper oxychlorides), preserving the red cuprite layer 

that is inhomogeneously present on the coin surface. (Right) Preliminary 

cleaning tests show the progressive removal of corrosion products after the 

application of semi-IPNs loaded with TEPA for 1 hour (A) or 20 minutes 

(B). The application of a gel loaded with EDTA for 1 hour (C) did not 

remove the copper oxychlorides. 
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Figure 3.3.1 (j). FTIR 2D Imaging of an artificially aged bronze coin 

before (top, left panel) and after (top, center and right panel) the application 

of a pHEMA/PVP gel loaded with TEPA. Below each visible image, the 

corresponding 2D FTIR Imaging map shows the intensity of the band 

between 3550 and 3300 cm-1 (stretching of OH groups in Cu(II) 

oxychlorides). All maps have dimensions of 1400 x 2000 µm2, each axis 

tick being 50 µm. The bottom panel shows representative spectra of pixels 

(5.5 x 5.5 µm2) in the corresponding 2D Imaging maps. 
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3.3.2 Conclusions 
 

 

The pHEMA/PAA hydrogel s-IPN50 8:1, previously studied, was chosen 

among the others thanks to its good mechanical and optical properties, and 

compared with a pHEMA/PVP semi-IPN, after uploading both systems 

with aqueous solutions at different pH values (i.e. 6, 8, and 12). These two 

gels were selected due to the capability of both polymers (PAA and PVP) 

to strongly coordinate Cu(II) ions. To remove corrosion products from aged 

bronze coins, these semi-IPNs were also swollen in aqueous solutions of 

TEPA (pH=12), a strong complexing agent for Cu (II) able to dissolve the 

copper oxychlorides. 

Increasing the pH induces changes in the nano- and micro-structure of the 

gels. In the case of pHEMA/PAA, the carboxyl group in PAA chains are 

progressively ionized, as confirmed by 2D FTIR imaging, leading to the 

swelling of the polymer network, that results in an increase in the meso- 

and macroporosity, and in the amount of free water uploaded in the gels. In 

presence of TEPA molecules, the amines interact with carboxyl groups in 

PAA, making the semi-IPN tighter (lower mesh size) by screening the 

repulsion between carboxylate groups. The absorption of Cu(II) ions in the 

TEPA-loaded network, leads probably to the formation of  ternary PAA-

Cu-TEPA complexes, where two sites of coordination are occupied by 

PAA carboxylates, and two by amine groups. In the case of pHEMA/PVP 

semi-IPNs, increasing the pH causes the partial deprotonation of the 

alcohol group in the enol form of PVP (pH >> 10). Change in the 

microstructure are observed at each pH variation, while the mean mesh size 

decreases at high pH values, as the result of inter and intramolecular 
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hydrogen bonds between enol and enolate groups in the PVP chains. From 

FTIR 2D Imaging it was possible to hypothesize that the interactions 

between polar or charged CO groups of PVP and TEPA are favored by the 

formation of ternary complexes with Cu(II) ions, where CO and amine 

groups come close together while binding to the metal.  

When the gels loaded with TEPA are applied onto corroded bronze coins, 

the controlled release of the polyamine solution on the surface allows the 

solubilization and removal of the Cu(II) oxychlorides in the corrosion 

layers. The dissolved copper ions migrate into the gel matrix and form 

complexes, which give the gels a blue color. Both pHEMA/PAA and 

pHEMA/PVP led to an efficient and controlled removal of corrosion 

products, preserving the inner red corrosion layer (cuprite) that acts as a 

passivation layer against recurring corrosion. Compared to EDTA, the 

loading with TEPA enhanced the cleaning power of the gels and decreased 

the time needed for the intervention. 

Therefore, pHEMA/PAA and pHEMA/PVP semi-IPNs loaded with TEPA 

results promising tools for the preservation of archaeological and historical 

bronze artifacts, overcoming the limitations of traditional restoration 

practice. 
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Hydrophilic and hydrophobic 

microgels 
 
Microgels are soft colloidal particles constituted by a cross-linked three 

dimensional polymer network. The presence and the amount of cross-links 

and the swelling degree determine their character, more “colloidal” (i.e. 

rigid) or “macromolecular” (i.e. flexible). In fact, when collapsed, 

microgels behave as hard colloids, even if they still contain solvent, while 

they are soft and deformable when they are completely swollen95. The 

swelling leads to an open structure with high mobility of the solvent and 

solute molecules, and of the entire particle, that maintains anyway its 

structural integrity. In fact, microgels can combine different modes of mass 

transport, from the diffusion inside their structure to the diffusive or field 

driven displacement of the microgels themselves. For these reasons, it 

results important to plan the synthetic design selecting the building blocks, 

the reaction sequence and conditions to define parameters as size, shape, 

swelling degree, chemical and topological composition. 

Moreover, since the rate of volume change scales as l-2, with l the relevant 

length scale of the gel, microgels respond much faster than bulk gel to 

external stimuli, such as change of temperature, pH, ionic strength and 

electric field96. The consequent adjustment of their shape and volume gives 

the opportunity to reversibly tune their physicochemical properties.  

All these features lead very versatile systems to be used in a wide variety 

of applications, including drug delivery, sensing, catalysis, enzyme 

immobilization and also as model systems in fundamental research97. 
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Within this framework, my studies have been focused on finding an easy 

and versatile approach to synthesize hydrophilic and hydrophobic 

monodisperse micron-sized microgels to use them as model systems for 

two different aspect: the investigation of diffusional properties of soft 

spheres inside bulk gels, and the development a macroscopic gel with a 

dual nature (hydrophilic and hydrophobic). In fact, since microgels are not 

easy to handle, it is interesting to create macroscopic systems (i.e. 

macrogels), that preserve all the properties of microscopic gels, combining 

the characteristic of different microgels. Thus, these hydrophilic-

hydrophobic macrogels should swell in both organic solvent and water, 

absorbing and releasing hydrophilic and hydrophobic drugs. They are 

constituted by two structural levels: a primary network, consists of cross-

linked polymer chains of each particle, and a secondary one, composed by 

crosslinked microparticles, giving the possibility to tune, in a controlled 

way, both their micro and nanostructure. The morphology of the obtained 

gels was investigated through Confocal Microscopy and SEM, while 

Thermogravimetric Analysis was performed to evaluate the solvent 

content. 

To synthesized hydrophilic microgels, N-isopropylacrylamide (NIPAM) 

was chosen as monomer, whose most important property is its 

thermosensitivity98. In fact, at room temperature, PNIPAM (see Figure 4 

(a)) is a relatively hydrophilic polymer and the microgels are widely 

swollen in water, while above its volume phase transition temperature 

(VPTT) (i.e. 32 °C), which corresponds to the lower critical solution 

temperature (LCST) for the polymer, PNIPAM becomes relatively 

hydrophobic, and the particles shrink sharply. The VPTT can be tuned by 

copolymerization with other comonomers and, from a rational design, it 
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was possible also to obtain PNIPAM microgels sensitive to other stimuli, 

such as pH99, light100,  glucose99 and metal cation101. Thanks to their 

versatility, these systems have found numerous applications particularly in 

the biomedical areas, for drug delivery and biosensing. 

In this study PNIPAM microgels were labelled with Oregon Green 488, a 

fluorescent dye with a good photostability, and loaded in macroscopic 

poly(vinyl alcohol) (PVA) cryogels, to investigate the anomalous diffusion 

of the microparticles confined into the polymeric network. 

Methyl methacrylate (MMA) was chosen as hydrophobic monomer, since 

PMMA (see Figure 4 (a)) is a widely investigated polymer that has been 

the subject of numerous nanocomposite studies focused on the 

improvement of its strength and durability102,103. PMMA organogels 

recently have been also used in the field of conservation of cultural heritage 

to remove unwanted hydrophobic layers from canvas painting104. Also 

PMMA microparticles, thanks to their stability, have been extensively 

used, for example as model systems to study phase behavior105,106, or as 

scaffold to incorporate liquid crystal107. Thus, a simple surfactant free 

polymerization method was developed to obtain monodisperse micron-

sized microgels, marked with Nile Red, a non ionic dye with high 

photostability.  
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Figure 4 (a). Molecular structure of PNIPAM (left) and PMMA (right). 
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4.1 Microgels synthesis  
 

Materials 

N-isopropylacrylamide (NIPAM, purity 99%), N,N’-

Methylenebis(acrylamide) (MBA, purity 99%), Ammonium persulfate 

(APS, purity ≥98%), Methanol (purity 99.8%) , Methyl methacrylate 

(MMA, purity 99%), Ethylene glycol dimethacrylate (EGDMA, purity 

98%), Rhodamine 110 chloride (purity ≥88%) , Fluorescein isothiocyanate 

(FITC, purity ≥90%), Fluorescein o-acrylate (FLA, purity 95%),  Nile red 

((purity ≥95%), and Rhodamine B (purity ≥95%) were purchased from 

Sigma Aldrich and used as received.  

Oregon Green 488 (purity ≥95%) was purchased from ThermoFisher 

Scientific and used as received.  

Water was purified by using a MilliRO-6 Milli-Q gradient system (Milli-

pore, resistance >18 MΩ cm). 

 

PNIPAM microgels synthesis 

To obtain micron-sized PNIPAM microgels, a surfactant free emulsion 

polymerization method was adopted to carry out the reaction. The synthesis 

was performed in a 250 mL three-neck flask placed in a heating oil bath. 

The flask was equipped with a nitrogen inlet tube, a water-cooled reflux 

condenser, and a rubber septum for adding the initiator via a syringe. The 

top of the condenser was connected to a water bubbler to prevent diffusion 

of oxygen into the system. 1.00g of NIPAM and 0.03g MBA were placed 

in 110 mL of MilliQ water in the flask and stirred at 200 rpm until they 

were dissolved. The temperature was then raised at 43 °C and the solution 
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was purged with nitrogen for 15 min. The polymerization was initiated by 

the addition, through the syringe, of 5 mL of an APS solution (see Table 

4.1 (a)). After about 10 minutes the solution started to become turbid. In 

fact, when the PNIPAM chain grows beyond a critical length, phase 

separation occurs because of the polymer’s insolubility in water at the 

reaction temperature.  

Then, the temperature was raised again until 60 °C and the reaction ended 

after 3 hours. The colloidal suspension was cooled down rapidly below 

room temperature with an ice bath. It was transferred in 4 falcon and 

centrifugated twice to remove the unreacted monomers.  

 
 PNIPAM microgel 

Water 6.4 mol 

NIPAM 8.8 ∙10-3 mol 

MBA  1.9 ∙10-4 mol 

APS 4.4 ∙10-4 mol 

MBA/NIPAM       

molar ratio % 

2.2 % 

 

Table 4.1 (a). reagents for PNIPAM microgels synthesis. 

 

To label the microgels with a fluorescent dye, 4 different synthesis were 

made with different probes. The first trial consisted in the addition of 0.01g 

of FLA, a fluorescent monomer, to obtained copolymer fluorescent 

microgels. However, during the reaction, FLA lost almost all its property 

to emit light, probably as a result of temperature degradation. Therefore, 

we tried to include other probes inside the microparticles without any 

chemical reaction with the polymeric network. 0.002g of Rhodamine 110 
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chloride, a cationic molecule, were added to the water solution of NIPAM. 

The obtained Rh110/NIPAM microgels were polydispersed with 

ellipsoidal shapes, mreover the dye was localized predominantly on the 

external part (see left panel of Figure 4.1(a)). On the contrary, using FITC 

(i.e. a negatively charged dye) the particles were monodisperse and the 

probe was equally distributed in all the volume, as it is shown in the right 

panel of Figure 4.1 (a). In this last case the microgels were tested for 

particle tracking analysis with scares results due to photobleaching 

problems associated to the laser, thus Oregon Green 488, a more stable 

derivative of fluorescein, was used. 

 

 

Figure 4.1 (a). Microgels labelled with Rhodamine Chloride 110 (left) and 

FITC (right). 

 

The steps and the parameters involve in the microgels synthesis are here 

reported. First of all, the polymerization starts when APS is added to 

reaction solution, leading to the formation of PNIPAM chains. As these 

chains grow, they become more and more hydrophobic and, at a critical 

chain length, they precipitate and agglomerate to form primary seeds, that 

agglomerate until they become stable colloids108. The charge on the 

colloidal surface, derived from the sulfonate groups of the initiator, 
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stabilize the microgels. In fact, the primary seeds continue to agglomerate 

until the resulting particles have accumulated enough charges to avoid 

further coagulation109. In this condition, the number of stable seeds is 

determined and it remains constant, leading to a homogeneously growth of 

the particles (equilibrium phase) (see Figure 4.1 (b)).  

 

Figure 4.1 (b). Schematic representation of microgels formation and 

growth. (Pich and Richtering, 2010, Copyright, Springer-Verlag Berlin 

Heidelberg) 110. 

 

The microgels size and polydispersity is influenced by various parameters 

including initial monomer concentration, temperature, monomer-to-

crosslinker ratio, the rate of stirring, and the presence of surfactants. 

In fact, higher crosslinking degree should result in a smaller mean diameter 

of the microgels, but with more uniform and regular spherical shape. In 

contrast, a lower amount of crosslinker induces the co-presence of 

agglomerates, composed of irregular and few regular spherical 

microparticles111. 

Higher temperature of reaction has been empirically found to deliver more 

uniform particles compared to particles synthesized at lower 

temperatures112, while high stirring rate brings to a less controlled  
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microgels growth, leading usually to more polydisperse and smaller 

particles. 

The addition of a surfactant to the reaction, such as sodium dodecyl sulfate, 

brings to a decrease of the microgel diameter compared to a surfactant-free 

polymerization method, applied in this work113. As the electrostatic 

repulsion is the only factor that leads to the stabilization of the particles, 

the positively charged dyes, interacting with the sulfonate groups, induce 

the destabilization of the microgels, resulting in a not uniformly growth.  

On the contrary, FITC and Oregon Green 488 increase the net negative 

charge on the particles surface, giving them more stability.  

Optical microscopy (Figure 4.1 (c)), and confocal microscopy images 

(Figure 4.1 (a)) show the obtained microgels, that present a spherical shape 

and dimension of about 2 µm. This last result is confirmed also by laser  

granulometry analysis, where it is found that the mean diameter of the 

microgels in water is (2.09 ± 0.47) µm.  

 

Figure 4.1 (c). Optical microscopy image of PNIPAM microgels 

synthesized without fluorescent probe. The diameter in the dry state is d = 

(1.82 ± 0.15) µm. 
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PMMA microgels synthesis 

 

PMMA microgels, in the micron-size range, were also synthesized using a 

surfactant free emulsion polymerization method. The same setup of the 

previous synthesis was adopted to prevent diffusion of oxygen into the 

three-neck flask. 100 g of methanol and 40g of MilliQ water were placed 

in the flask and, under magnetic stirring at 200 rpm, 5g of MMA and 0.217g 

of EGDMA were added to the solution (see Table 4.1(b)). The temperature 

was raised up to 70 °C under nitrogen flux, then 0.060g of APS, dissolved 

in 10 mL of milliQ water was placed in the flask through a syringe. After 

about 10 minutes the solution started to become opalescent due to the 

growth of PMMA chains that lead to a phase separation caused by the 

polymer insolubility of the continuous medium. The reaction ended after 

24 hours. The colloidal suspension was cooled down rapidly below room 

temperature with an ice bath, and centrifuged twice at 6000 rpm for 10 

minutes.  

 

 PMMA microgel 

Methanol 6.2 mol 

Water 2.7 mol 

MMA 5.0 ∙10-2 mol 

EGDMA  1.1 ∙10-3 mol 

APS 2.6 ∙10-4 mol 

EGDMA/MMA       

molar ratio % 

2.2 % 
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Table 4.1 (b). reagents for PMMA microgels synthesis. 

 

To label the microgels with a fluorescent dye that absorbs and emits light 

at higher wavelength than 488 nm (i.e. emission of FITC and Oregon Green 

488), 2 different synthesis were carried out with 2 different probes. The 

first trial consisted in the addition of 0.003g of Rhodamine B, a cationic 

fluorescent dye, together with the monomer and the cross-linker. However, 

no microgels were obtained, but only PMMA aggregated on the flask wall. 

On the contrary, using Nile Red, a non ionic probe, the particles were 

spherical and monodisperse with a mean diameter of about 1.5 µm (Figure 

4.1 (d)). In fact, also these particles were stabilized only by the electrostatic 

repulsion, thus positively charged dyes, interacting with the sulfonate 

groups, induce the aggregation of the microgels.  On the contrary, non ionic 

probes does not influence the stability of the particles.  

The agitation speed and the temperature of the reaction affects both the 

dimension and the polydispersity of the PMMA microgels. As reported in 

a study of S. E. Shim et al. 114, the highest monodispersity can be obtained 

with low rate of stirring (i.e. about 100 rpm) and keeping the reaction 

around 70 °C, while the average size increases with the increasing of the 

temperature. Thus, the more appropriate temperature to synthesized 

monodisperse PMMA microspheres, with dimension between 1.4 to 1.6 

µm, in a relatively short period of polymerization, was 70 °C. 

The increasing of monomer concentration results in larger particle size with 

improved uniformity115, considering that the amounts of the initiator should 

correspondingly augment when the monomer content is increased. In 

surfactant free emulsion polymerization the particle size and concentration 

of initiator are usually correlated by an inverse relationship, since higher 

amount of initiator leads to the formation of a greater number of 
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micelles116.  On the contrary, in this case, the microgels size increases with 

the initiator concentration. In fact, as all the reagents are soluble in the 

methanol/water mixture, the polymerization starts in solution to give 

surface active oligomers, originated from the decomposition of APS. These 

oligomers grow until they reach a critical chain length, then they precipitate 

to form primary particles. The increase of the initiator concentration gives 

oligomers with lower average molecular weight that prefer to stay in the 

methanol/water medium, thus the number of the precipitating primary 

particles decrease leading to the formation of larger microgels. 

 

 

 

Figure 4.1 (d). SEM (left) and CLSM (right) images of PMMA microgels 

dry and swollen in water. Bars are 1 µm and 5 µm respectively. 
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4.2 Microgels for “macrogels” 

preparation  
 
 
PNIPAM have been already covalently or physically crosslinked to form 

3D networks, namely macroscopic gels (or shortly macrogels). Various 

cross-linker can be used to obtain covalent networks hierarchically 

structured, with high surface area and uniform, tunable mesh size. 

Therefore, they may represent a potential multifunctional drug carriers, as 

in the case of P(NIPAM-allylamine) microgel network, where dextran was 

used as a macromolecular model drug entrapped in these gels. The drug 

can be released with a rate regulated by its molecular weight and the cavity 

size of the macrogel, as well by the temperature. On the contrary, no release 

it was observed from a the corresponding conventional bulk PNIPAM 

gel117. In another approach, poly(acrylic acid) was added to the dispersion 

of the P(NIPAM-allyl-amine) microgels leading to the formation of 

microgel clusters due to a polymer-mediated bridging process. Then 

glutaraldehyde was added to covalently link these microgel clusters 

together, obtaining a stable system118. Recently it was found that PNIPAM 

microgel dispersions are thermogelable under proper conditions, making 

these materials very useful  for a wide range of biomedical applications, 

such as injectable drug carriers and cell scaffolds. In fact, Xia et al.14 

synthesized IPN PNIPAM/PAA microgels, whose concentrated dispersion 

underwent to an inverse thermoreversible gelation at about 33 °C. Drug 

loading was achieved by mixing the drug with the microgels dispersion at 

room temperature and the solution can be implanted by subcutaneous 

injection, where the liquid quickly gelled. The control of drug release 
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occurs through the mesh size of the network, that can be tuned by the 

particle size and concentration1. Previously, thermogelling injectable 

scaffolds were prepared through linear or branched thermosensitive 

polymers. The potential advantages of the microgels comparing to linear 

macromolecules include reduced viscosity and better mechanical 

properties at the same concentration, as well as the possibility to 

encapsulate bioactive molecules inside the particles and release them in 

proper time. In addition to the heating method, the in situ gelation of 

concentrated PNIPAM microgels can occur also by cooling the dispersion 

of the particles, that swell to a larger degree and close-pack into a 3D 

network120, or by changing the pH for pH-sensitive PNIPAM microgels121.  

Within this framework it is interesting to find a simple method to prepare 

chemically cross-linked hydrophilic and hydrophobic macrogels that are 

mechanical resistant and easy to handle. In fact, until now no studies have 

been reported on the synthesis of this kind of macroscopic gels, that could 

be useful for many applications, spanning from drug delivery to cleaning 

of cultural heritage artifacts, thanks to their potential ability to absorb and 

release both hydrophilic and hydrophobic molecules. 

 

Materials 

Poly(ethylene glycol) dimethacrylate (PGD (Mw=550 g/mol), purity 98%), 

Azobisisobutyronitrile (AIBN, purity 99%), and Methyl ethyl ketone 

(purity 99%) were purchased from Sigma Aldrich and used as received.  

Ethanol (purity 99%), Acetone (purity 99%), were purchased from Carlo 

Erba and used as received.  

Water was purified by using a MilliRO-6 Milli-Q gradient system (Milli-

pore, resistance >18 MΩ cm). 
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Choice of solvent and synthesis 

 

For the preparation of the hydrophilic/hydrophobic macrogels, the first 

important step is to find a solvent where all the reagents are soluble (i.e. 

microgels, initiator and cross-linker) at the reaction temperature. In 

particular it should swell at the same time the PNIPAM and PMMA 

microparticles. Water and methyl ethyl ketone (MEK) are not good 

solvents since the first one can swell only PNIPAM microgels until their 

VTTP, while the second only PMMA. Therefore, it was necessary to study 

the co-nonsolvency behavior of these two systems, a rather rare 

phenomenon, where a polymer perfectly soluble in two different solvents 

becomes insoluble in mixtures of both. The solubility in alcohol-water 

solvent mixtures was studied, but since PMMA is soluble in 

methanol/water solutions only at high temperature and high alcohol 

concentration, the investigation was focused on ethanol/water mixtures. 

From a study of I. Bishofberger et al.122 on PNIPAM polymers and 

microgels, it was demonstrated that, considering ethanol/water solutions, 

the phase behavior of PNIPAM in water-rich environments is controlled by 

hydrophobic hydration, due to the difference of the enthalpy between bulk 

water and the water that creates a hydration shell around the hydrophobic 

groups of the polymer. The addition of alcohol to water leads to a decrease 

in the enthalpy difference between bulk and shell water, that can vanish at 

the solvent composition where the bulk water enthalpy is minimal. In the 

alcohol-rich environments classical mixing contributions were considered, 

where the interactions between PNIPAM and the solvent were nonspecific. 

Thus, the addition of water to ethanol, a good solvent for PNIPAM, 
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worsens the solvent quality of ethanol. This can give a phase separation 

when the water content is exceeded. Therefore, when the molar fraction of 

ethanol is higher than 0.4, water/ethanol mixtures result good solvents for 

PNIPAM microgels, that should maintain the same diameter than in water 

(see Figure 4.2(a)). 

 

 

Figure 4.2 (a). Water–ethanol mixtures as a function of the alcohol molar 

fraction X. Full and open symbols denote respectively the lower critical 

solution temperature (LCST) and the upper critical solution temperature 

(UCST) of PNIPAM at different molecular weight and concentration (left). 

Dependence of radius of gyration of PNIPAM microgels on the alcohol 

molar fraction X at a fixed temperature of T=12.5°C for water–methanol 

mixtures (black pluses) and water–ethanol mixtures (red crosses). (I. 

Bischofberger et al., 2014, Copyright, Royal Society of Chemistry)122. 

 

A study of R. Hoogenboom et al.123 investigated the solubility of PMMA 

polymers with different molecular weight in water/ethanol solutions upon 

heating and cooling (see Figure 4.2 (b)). The PMMA phase transition 
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temperature in ethanol/water increases with increasing molar mass and 

polymer concentration, due to an enhanced entropy loss upon unfolding of 

a larger polymer globule. Anyway, the best range of solubility for PMMA 

results when the ethanol content is about 80-90 wt%.  

 

Figure 4.2 (b). Water–ethanol mixtures as a function of the alcohol content 

(wt%). Black squares represent clearance points upon heating, while red 

circles cloud points upon cooling (red circles) of PMMA polymer of 13.8 

kDa (left) and 27.4 kDa (right). Reproduced from Hoogenboom et al. 123, 

(2010) with permission from CSIRO Publishing.  

 

As a consequence of these studies, PMMA and PNIPAM microgels were 

swollen in EtOH/water mixtures at a concentration of 80 and 90 wt% of 

ethanol to synthesize the macrogels. The diameter of the microparticles, 

measured from the analysis of confocal laser scanning microscopy images, 

results (1.38 ± 0.06) µm and (1.82 ± 0.15) µm for PMMA and PNIPM 

respectively, that are almost the same values obtained for the systems 

swollen in pure water.  

Two reactions were carried out with the same procedure using the particles 

swollen in the two ethanol/water solutions. The microgels were mixed in a 

vial in the presence of the initiator (i.e. AIBN dissolved in the minimum 

PMMA 14k PMMA 28k 
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amount of EtOH/water), then they were put in the oven at 70 °C for 10 

minutes before adding the cross-linker (i.e. PGD). The solutions were kept 

at 70 °C for 4 hours, checking every half an hour the reaction progresses. 

The obtained systems showed a non-homogeneous structures with gel-like 

aggregates and excess of solvent on the top (see Figure 4.2 (c)).  

 

 

 

Figure 4.2 (c). Systems obtained from the reaction between PNIPAM and 

PMMA microgels swollen in EtOH/water mixtures after 4 hours.  

 

Therefore, there was the need to find another solvent that could swell better 

both the microgels. Acetone is well-known to be a good solvent for PMMA, 

in fact the diameter of the particles, as measured from CLSM, is bigger 

than those in water and EtOH/water mixtures (i.e. d=1.57 ± 0.09 µm). 

Moreover, a study of T. Munk et. al.124, reveals that no phase separation 

occurs for different PNIPAM polymers when the acetone content in a 

acetone/water mixtures exceeds 50 vol%. Thus, also PNIPAM microgels 

were swollen in pure acetone, reaching a diameter of (2.17 ± 0.19) µm.  

Macrogels with different cross-linking concentration (i.e. 10, 5, and 2.5 

wt%) and different PNIPAM/PMMA ratio (i.e. 25/75 and 75/25 wt%) were 

synthesized.  First of all, the microgels solutions were concentrated through 
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centrifugation, then the right amount of PNIPAM and PMMA was placed 

in a glass vial with different quantity of an acetone solution of AIBN (25 

wt%), and put in the oven at 70 °C. After 10 minutes, PGD was added to 

the mixture, that was gently shaken and kept at this temperature for 2.5 

hours. The solid gel system obtained was put in water and washed changing 

the solvent every day for 5 days (see Figure 4.2 (d-e)). 

 

Figure 4.2 (d). Scheme of macrogel synthesis.  

 

 

Figure 4.2 (e). Photography of the macrogel obtained immediately after 

synthesis.  

 

The microstructure of the macrogels was investigated through CLSM 

irradiating the samples with two different wavelengths, one at 488 nm, to 

see PNIPAM microgels labelled with Oregon Green 488, and the other at 

563 nm to excite Nile Red labelled PMMA particles. As it shown in Figure 

4.2 (e), the black spots on the right image represent the PNIPAM microgels, 

PNIPAM + PMMA 
PNIPAM-PMMA macrogel 

AIBN in acetone, 

PGD 

T= 70°C 
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while the red ones are PMMA microgels, all interconnected each other 

through PGD strands, as it is shown in SEM micrographs. 

 

 

 

 

Figure 4.2 (e). (Top) CLSM image of a macrogel obtained irradiating the 

sample with a wavelength at 488 nm (left) and at 563 nm (right). Bar is 10 

µm. (Bottom) SEM micrographs of the same macrogel at two different 

magnifications. (left, 8.6 and right 20 kX). Bar is 2 µm. 

 

Thermogravimetric analysis was performed on the macrogels swollen in 

water to understand the influence of different PNIPAM/PMMA ratio and 

cross-linker concentration on the solvent content. Considering 

PNIPAM/PMMA 75/25 wt%, a decrease of the cross-linking percentage 
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leads to an increase of the solvent content, as a consequence of a less 

compact and more flexible structure (see Table 4.2(a)). Keeping constant 

the cross-linking concentration (i.e. 10% wt) but varying the 

PNIPAM/PMMA ratio to 25/75 wt%, the water content decreases of about 

5%, while the acetone content increases of the same percentage, due to the 

more hydrophobic nature of this system (see Table 4.2 (b)).  

 

 Water (wt%) Acetone (wt%) 

10% cross-linker 50.0 ± 0.5 31.1 ± 0.3 

5% cross-linker 59.4 ± 0.6 34.3 ± 0.3 

2,5 % cross-linker 70.2 ± 0.7 46.3 ± 0.5 

 

Table 4.2 (a). Water and acetone content obtained from TGA analysis 

performed on PNIPAM/PMMA 75/25 wt% macrogels with different cross-

linking percentage. 

 

 Water (wt%) Acetone (wt%) 

PNIPAM/PMMA 

75/ 25 wt%  

50.0 ± 0.5 31.1 ± 0.3 

PNIPAM/PMMA 

25/ 75 wt% 

45.1 ± 0.5 36.2 ± 0.4 

 

Table 4.2 (b). Water and acetone content obtained from TGA analysis 

performed on macrogels with 10 wt% of cross-linker with different 

PNIPAM/PMMA ratio. 

 

Due to time constrains, it was not possible to perform a more detailed 

investigation. Thus, further studies should be carried out swelling the 

systems in solvents with growing polarity. In particular, we should analyze 
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the change of the rheological and mechanical properties, and the swelling 

degree through TGA measurements and CLSM analysis to visualize the 

change of microgels dimension, even at different temperature. Unlike 

macroscopic gel systems, the macrogels have two distinct regions, one 

hydrophilic and one hydrophobic. This feature results in the ability of 

absorbing and releasing simultaneously hydrophilic and hydrophobic 

drugs, leading the macrogels useful candidates for many applications 

especially in biomedical field and for the conservation of cultural heritage. 
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Diffusion properties of PNIPAM 

microgels in macroscopic gels  

 
Diffusion through crowded environments is related to many natural and 

industrial processes, such as proteins moving through cells, and 

particles confined in nanocomposite materials or gels. In the presence 

of a confining medium, the motion of objects can assume anomalous 

behavior of diffusion, usually manifested by the presence of sub-

diffusivity125,126.  

Hydrogels have an important role in regulating the diffusive transport 

of molecules in a wide variety of biological systems, from cartilage to 

mucus and extracellular matrix127, allowing the passage of certain 

molecules while rejecting other. In general, particles are retained when 

they are larger than the characteristic pore dimension of the gel, while 

smaller particles are able to pass through the gel, diffusing with a 

diffusion constant limited by the local viscosity. On the time scale of 

structural reorganization within the gel, even particles with a dimension 

that approaches the pore size of the gel network can slowly diffuse 

leading to processes of anomalous diffusion.  

Anyway, the slow movement of the host matrix has been largely 

ignored, even if it represents real situations of biological128,129 and 

industrial interest130,131,132. Thus, to address confined transport in 

slowly rearranging hydrogels matrices, constrained transport of dilute 

micron-sized PNIPAM microgels was investigated using polymeric 

network of simple and semi-IPN poly(vinyl) alcohol (PVA) cryogels. 
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These systems combine the confinement of a dilute fluid of mobile 

intruders with the slow dynamics of the gel matrix, providing simple 

model for the investigation of motion in crowded soft and biological 

matter. Thus, using confocal laser scanning microscopy with particle 

tracking analysis, it was possible evaluate the mean square 

displacement (MSD) of the particles in different conditions of 

temperature and sample preparation, understanding the diffusional 

behavior of the microgels in systems with a porosity similar to their size 

dimension.   

 

     Sample preparation 

 

To synthesized simple PVA and semi-IPN PVA/PVA cryogels, using a 

procedure developed by R. Mastrangelo et.al.133, PVA 87-124 kDa 88% 

of hydrolysis and PVA 146-186 kDa 99% of hydrolysis were purchased 

from Sigma Aldrich and used as received.  

Simple PVA cryogels, named PVA0.13 and PVA 1.2, loaded with 

PNIPAM fluorescent microgels, were prepared dissolving 9g of PVA 

146-186 kDa in 100 mL of water at 100 °C under stirring for 4 hours. 

Then, two concentrations of PNIPAM microgels (i.e. 0.13 or 1.2 g/L) 

were added to two different solutions, that were mixed for other 15 

minutes and subjected to a freeze-thaw cycle. The samples were put in 

water and washed changing the solvent every day for five days. 

The semi-IPNs, loaded with the two different concentrations of the 

microgels (named PVA/PVA 0.13 and PVA/PVA 1.2), were 

synthesized using the same procedure, but adding also 3g of PVA 87-

124 kDa together with PVA 146-186 kDa. 
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Moreover, other samples were prepared lyophilizing the semi-IPN 

cryogels and then loading them with PNIPAM and PNIPAM-

poly(ethylene glycol) (PEG) microparticles, swelling pieces of 1x1 cm2 

of the PVA/PVA in 4 mL of the microgels solutions. 

The scheme of the PNIPAM-PEG microparticles synthesis is shown in 

Figure 4.3 (a). 50 mL of PNIPAM microgels solution (containing 

0.455g of microgels), loaded with Oregon Green 488, were placed in a 

flask with 0.023g of poly(ethylene glycol) methacrylate (PEG-MA, 

Mn=950 Da) and 3 mg of MBA. The solution was heated in an oil bath 

at 60 °C for 1 hour and half under nitrogen flux. 10 mg of APS were 

added to the reaction that was kept for other 5 hours at the same 

temperature. The solution was then cooled down under room 

temperature and centrifuged twice at 7000 rpm for 30 minutes to 

remove the unreacted monomers. TGA and CLSM measurements were 

performed to confirm the presence of PEG and the micron-size 

dimensions of the PNIPAM-PEG microgels. 

 

 

Figure 4.3 (a). Scheme of PNIPAM-PEG microgels synthesis. 
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     Summary of results 

 

To perform measurements in hydrated conditions and at different 

temperatures, the samples were placed between a microscope slide and 

a cover glass, sealed tight with UV glue, connected to a channel filled 

with water. 

2D movies of PVA0.12 and PVA/PVA1.2 systems were recorded to 

monitor the dynamics of the particles in the samples, through the use of 

particle tracking to determine the mean squared displacements of the 

microgels. For each sample three different regions were investigated. 

The results evidence an arrested dynamics of the PNIPAM particles at 

T = 22 °C in both samples see Figure 4.3 (b) red filled squares), with 

the repeated experiments that are comparable within statistical 

fluctuations. Measurements from different regions gave comparable 

results. Thus, at this temperature the particles are trapped in the gel 

matrix. At 35 °C on average the dynamics is also arrested, even if the 

localization is generally less than at 22 °C (i.e. higher values of MSD), 

due to the shrinking of PNIPAM microgels at 35 °C. Analyzing more 

in detail the data at 35 °C, it was found that there are some subregions 

where particles move. As an example, the MSD of two of these regions 

is reported in Figure 4.3 (b), showing a clearly diffusive behavior for 

region 1 (r1), and a higher mobility for region 2 (r2). Anyway, the 

average dimension of the pores (i.e. 1 m) in the gel are still very tight 

also for the smaller particle size at T= 35 °C, thus particle cannot freely 

diffuse.  
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Figure 4.3 (b). Mean square displacement (MSD) of PNIPAM microgels  

in PVA1.2 at 22 °C (red filled squared), and at 35 °C (green triangles, red 

empty squares and blue diamonds). 

 

For this reason, PVA/PVA 0.3, PVA/PVA1.2 and lyophilized cryogels 

loaded with PNIPAM and PNIPAM-PEG microgels were investigated, as 

they are hydrogels with a bigger average pores dimension (i.e. 3-4 m). 

The first two samples presented not perfectly spherical particles, thus only 

the diffusion properties of lyophilized samples were analyzed.  

At 25 °C most of the regions show pronounced dynamics of PNIPAM 

microgels, except that in region r2 (see Figure 4.3 (c), top left, red 

triangles), where the particles show slow dynamics that starts to deviate 

from diffusive behavior, probably due to the effect of the broad size 

distribution of the pores in the hydrogel matrix. Similar results were 

obtained at 30 °C, where again the dynamic is similar and, on average, 

diffusive for most of the regions, except for region r4, where the dynamics 
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is substantially slower indicatig sub-diffusive behavior (see Figure 4.3 (c), 

top right, green triangles). At 40 °C, when the PNIPAM microgels are 

shrunk, the difference between regions r1, r2 and r3 is significantly more 

pronounced. The dynamics in regions 1 and 2 is very fast, while in region 

r3 (Figure 4.3 (c), bottom, blue triangles) is almost stuck. PNIPAM-PEG 

microgels led almost to the same results, meaning that the more hydrophilic 

character of PNIPAM-PEG particles does not influence the interaction with 

the PVA matrix, that is absent when the dynamic is diffusive. 

Comparing three mobile regions at the different temperature, it is possible 

to conclude that the MSD at 40 °C is about 2 to 2.5 times larger than at 25 

°C and, giving a diffusive motion, with a diffusion coefficient D about 2 to  

2.5 larger. Assuming the Stokes-Einstein relation for D, this is the factor 

expected for a reduction of the particle radius of a factor 2 to 2.5, which is 

reasonable for PNIPAM considering a temperature change from 25 °C to 

40 °C. Therefore, in regions where confinement induced by the hydrogel is 

weak, the dynamic change can be essentially attributed to the size variation. 
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Figure 4.3 (c). MSD of PNIPAM microgels loaded in PVA/PVA 

liophylized cryogels at 25 °C (top left), 30 °C (top right), and 40 °C 

(bottom). 
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4.3  Conclusions 
 

Since microgels respond quickly to external stimuli, compressing and 

deforming to higher degree than bulk gels, they are widely used as model 

systems in fundamental research and also in a lot of biomedical 

applications, spanning from drug delivery to sensing, catalysis, and enzyme 

immobilization. Therefore, in this study simple methods, based on 

surfactant free emulsion polymerization, were developed to synthesized 

spherical, monodisperse, micron-sized particles, adjusting existent 

experimental conditions. Varying the rate of stirring, the temperature of 

reaction, the cross-linker/monomer ratio and the quantity of solvent, it was 

possible to tune the size of the microgels and reduce their polydispersity. 

Moreover, since only the electrostatic stabilization, attributed to the sulfate 

groups of the initiator, acts on the particles, it was found that positively 

charged fluorescent dyes destabilized PNIPAM microgels, that resulted 

polydisperse with various shape, and did not allow the formation of PMMA 

particles. Thus, PNIPAM labelled with negatively charged probes (i.e. 

FITC and Oregon Green 488) and PMMA synthesized with a neutral probe 

(i.e. Nile Red) were prepared.  

Starting from these two different microgels, an easy way to prepare 

chemically cross-linked hydrophilic and hydrophobic macrogels was 

developed, in order to obtain systems that are mechanical resistant and easy 

to handle. For this purpose, it was necessary to find a solvent able to swell 

both PNIPAM and PMMA particles. Acetone turned out to be a good 

candidate. A radical polymerization method activated by the temperature 

was used to synthesize the macrogels, mixing together the microgels 

swollen in acetone, the initiator and the cross-linker and keeping the 
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mixture at 60°C for two hours and half. Macroscopic gels with various 

cross-linker concentration (i.e. 10, 5, 2.5 %wt) and PNIPAM/PMMA ratio 

(i.e. 75/25 %wt and 25/75 %wt) were obtained. A decrease of the cross-

linker percentage brings to an increase of the solvent content due to the 

formation of a less compact structure, while the decrease of PNIPAM 

content leads to a more hydrophobic system that can absorb more acetone 

at the equilibrium.  

More detailed investigations are needed on these macrogels to have a better 

picture of their structural, mechanical and physical behavior, after swelling 

them in solvent with increasing polarity. These systems could be useful 

candidates for many applications especially in biomedical field and for the 

preservation and restoration of cultural heritage, as a consequence of their 

potential ability of absorbing and releasing simultaneously hydrophilic and 

hydrophobic molecules and macromolecules.  

PNIPAM and the more hydrophilic PNIPAM-PEG microgels, were also 

employed as model systems to study the diffusion inside PVA and semi-

IPN PVA/PVA macroscopic cryogels with pore dimensions similar to the 

size of the microparticles. It was found that in PVA hydrogels the dynamics 

is arrested at 22°C and even at 35°C, the temperature at which the microgels 

are shrunk, as a consequence of a too small average pore size (i.e. 1 µm). 

Measurements on the semi-IPNs PVA/PVA, with an average pore 

dimension of 3-4 µm, revealed diffusive dynamics at both 25 °C and 30 °C, 

except in some regions, where it is slower, indicating sub-diffusive 

behavior, probably due to broad size pore distribution. At 40 °C, when the 

particles are completely shrunk, the MSD, and also the diffusion 

coefficient, are about 2 to 2.5 times higher than at 25 °C, values that are in 

accordance with a reduction of the PNIPAM particles radius of a factor 2 
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to 2.5. Thus, it is possible to assess that, where the confinement induced by 

the polymer network is weak, the variation of the microgels motion is 

related to their size change. 

As a future prospective, in order to obtain information on the anomalous 

diffusion of the microgels almost arrested by the hydrogels matrix, instead 

of particle tracking, Differential Dynamic Microscopy (DDM) will be 

employed.  This technique is based on the time correlation, in Fourier 

space, of the difference between images separated by a time delay Δt. The 

decay of the density autocorrelation function f(q, Δt), corresponds to the 

loss of correlation of the particle density on a length scale determined by q-

1, that is related to the characteristic time of the particle motions on the 

length scale q-1.  

All these results could provide important information to understand the 

diffusional properties of many natural and industrial processes, such as  

biomolecules and macromolecules that moves through cells or other 

biological fluids, and drugs confined in nanocomposite materials. 
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Abstract 

Works of art must be readable and well preserved in order to 
be accessible. Therefore, the removal of unwanted layers (dirt, 
soil, aged adhesives and varnishes) is fundamental in 
conservation practice, to maintain the readability of artworks 
and prevent their degradation. Because most artworks’ 
surfaces are sensitive to aqueous solutions or organic solvents, 
the cleaning fluids must be confined in retentive networks able 
to grant a controlled release and the non-invasive removal of 
the unwanted layers, without affecting the original 
components of the artifacts. This contribution reports on the 
most promising classes of polymer networks that have been 
specifically developed and applied for the cleaning of 
artworks, namely: chemical hydrogels based on poly(2-
hydroxyethyl methacrylate) (pHEMA), chemical organogels 
based on Poly(methyl methacrylate) (PMMA), peelable 
hydrogels based on poly(vinyl alcohol) (PVA), and physical 
cryogels based on PVA. The physico-chemical properties and 
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applicative aspects of these materials are discussed. Key 
characteristics include high viscoelasticity (to grant the 
feasible handling and removal of the gels from the treated 
surfaces) and retentiveness. Some representative conservation 
cases are shown, regarding the cleaning of metal objects and 
easel paintings. Overall, a large palette of innovative 
formulations has been provided to the conservation 
community, to improve on the limitations of traditional 
solvent thickeners. 

 

Introduction 

The surface of an artwork conveys the aesthetic values and the message of 
the artist. Any alteration of the surface directly affects the readability and 
enjoyability of the work, with potential impact on the social and economic 
aspects related to the accessibility and exhibition of the artwork. The surface of 
the work of art is continuously subjected to degradation induced by weathering 
(for exterior facades, murals, statutes, stone, etc.), light, temperature and relative 
humidity, pollution gases and volatile organic compounds (VOCs), dust and 
soil, microorganisms, and even materials applied in previous restoration 
interventions that may prove detrimental [1-4]. Not surprisingly, the removal of 
unwanted materials (e.g. dust, soil, patinas, aged adhesives) from the surfaces of 
artworks is one of the most frequent operations in the restoration practice that 
requires great care and attention to avoid the removal or alter the original 
components of the work. 

Traditionally, conservators have used both wet and dry methods to clean 
works of art. Dry cleaning with conventional tools such as scalpels, swabs and 
brushes, is difficult to control, with the risk of unselective removal or physical 
damage to the artwork; recently, the potential of laser cleaning for easel 
paintings has been explored [5]. Wet cleaning is commonly adopted as a 
standard procedure, and  the main approach is to select solvents whose solubility 
parameters (e.g. as indicated in a Teas chart [6]) match those of the unwanted 
layers that need to be removed. This allows to swell (and mechanically remove) 
or directly solubilize the layers, which are then absorbed into cotton swabs, 
blotting paper, or other absorbents. However, the use of solvents involves 
several risks to the artwork and the operator. Once the solvents are applied onto 
the artwork’s surface they are difficult to control, and are able to penetrate 
through porous substrates, unselectively affecting original components along 
with unwanted materials. This can lead to swelling, leaching or solubilization of 
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dyes, binders, and other components of the work of art. Moreover once the 
unwanted layers are solubilized, they can be transported within the pores of the 
artwork, making their effective removal difficult. Finally, the use of solvents 
involves health risks that must be taken into account.  

The ecotoxicological impact can be greatly reduced using aqueous solutions 
of surfactants, chelating agents, enzymes, acids or bases. By tuning the 
conductivity and ionic strength of the solutions, it is also possible to limit the 
extraction of water-soluble original components from painted layers [7]. A 
significant improvement that emerged in the last decade is the use of oil-in-
water (o/w) microemulsions, where limited amounts of solvents are stably 
dispersed as nano-sized droplets in a continuous water phase, using surfactants; 
these aqueous systems interact with aged adhesives and varnishes through 
different mechanisms mainly belonging to classic detergency, and in some cases 
dewetting the unwanted layers from the surface. o/w microemulsions have 
proven a valid alternative to solvent blends in the removal of aged adhesives, 
varnishes, soil, and other unwanted materials from the surface of artefacts [8,9]. 
The main drawback is due to the fact that the use of free (non confined) aqueous 
systems can be risky on highly water-sensitive surfaces; this is the case, for 
instance, of paper artworks featuring water-soluble inks or dyes, or some 
formulations of acrylic or oil paintings.  

To overcome these limitations, solvents and aqueous systems can be 
confined in retentive networks, able to upload the fluids and release them at 
controlled rate. The gradual release of fluids favors the selective removal of 
unwanted layers, preserving the original surface. Besides, when solvents are 
confined, their evaporation rate is reduced, hence the toxicity of the whole 
cleaning system consistenly is reduced. 

Thickeners have been used for decades in the restoration practice to 
increase the viscosity of cleaning fluids, so as to limit their spreading and 
penetration. Several products have been derived from cosmetics, food science 
and pharmaceutics, e.g. cellulose derivatives (hydroxypropylcellulose, methyl 2-
hydroxyethyl cellulose, hydroxypropyl methylcellulose) and polysaccharides 
(agar, gellan, xanthan gum). These polymers have been used to thicken aqeuous 
solutions of enzymes, chelating agents and surfactants, or blends of water and 
polar solvents (e.g. alcohols and glycols). While the thickened solutions are 
relatively easy to prepare and use, the main concern involves the possibility of 
leaving polymer residues on the treated surface [10]. At the concentration values 
typically used for cleaning purposes, cellulose ethers solutions display the 
mechanical dynamic response of viscoelastic liquids: once applied on a surface, 
the thickened solutions are still able to flow, granting only limited control of the 
cleaning intervention; moreover, their removal from the treated surface is 
difficult, owing to the fact that the weak cohesive forces within the polymer 
solution are comparable to the adhesive forces between the polymer chains and 
the surface. Gellan and agar are often prepared as “rigid” sheets [11], which 
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behave rheologically as strong gel networks, and as such can be removed from 
surfaces leaving only minimal or no polymer residues. However, in several 
cases artworks have surface roughness on the order of millimiters or 
centimeters, and rigid sheets can not grant homogeneous adhesion and removal 
of dirt. 

Polyacrylic acid (PAA) was introduced in the restoration practice by 
Richard Wolbers in the late 1980s [12]. PAA chains unfold at alkaline pH, 
forming extended 3D networks that increase the viscosity of the solution. When 
alkaline surfactants are used to deprotonate PAA, the thickened solution 
acquires emulsifying and detergent properties. Typically, tertiary amine 
ethoxylates (Ethomeen®) are used to prepare these systems, named “solvent 
gels”, which have been widely adopted by conservators. One of their main 
advantages relies in their versatility: using Ethomeen® surfactants with different 
HLB (hydrophilic-lipophilic balance), it is possible to thicken a wide range of 
solvents, from low-polarity (aliphatic and aromatic hydrocarbons), to average- 
or high-polarity (alcohols, ketones, esters), and even enzyme solutions. Short 
application times are needed, typically few minutes. Similarly to cellulose 
ethers, the main drawback regards the presence of polymer residues and other 
non-volatile compounds left on the artwork’s surface. Because the cross-links 
between the PAA chains are not permanent, the thickened solutions display a 
prevalently viscous behavior, and once applied (e.g. with spatulas or swabs) they 
must be removed coupling mechanical action with the use of clearing solvents. 
However, it has been shown that residues of PAA and Ethomeen can be found 
on the surface of paintings even after clearance with solvents [13], and clearing 
solvents can induce changes to the surface. Moreover, some concerns have been 
raised regarding the possible long-term synergistic effect of amine N-oxides 
(formed by the degradation of Ethomeen) on the degradation of terpenoid resins 
and oils used in paints [14]. 

To improve on traditional thickeners, several systems have been developed 
in the last decades in the framework of colloids science and soft matter. The 
fundamental idea is to formulate polymer networks with tunable properties, so 
as to adapt the vast range of conservation issues found in the cleaning of 
artworks. The formulations must exhibit optimal mechanical behavior and 
retentiveness of the uploaded fluids. High viscoelasticity is fundamental to grant 
the feasible handling of the systems and their removal in a single step from the 
surface (e.g. by peeling) after the application, without rinsing. Both chemical 
gels (i.e. held by covalent crosslinks) and physical gels (held by secondary 
bonds) have been explored, monitoring the rheological properties, the micro- 
and mesoporosity, and the macroscopic behavior of the formulations [15,16]. By 
changing the nature of the polymer and adjusting the pore size distribution of the 
network, it is possible to obtain highly retentive gels that are usable even on 
sensitive layers. The desired viscoelasticity for practical applications can be 
obtained tuning the amount of crosslinks between the polymer chains. In the 
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case of physical gels, strong networks can be obtained without using 
crosslinkers, for instance via freeze-thaw cycles that form highly ordered 
regions (crystallites) where the polymer chains are held by secondary bonds.  

A particularly interesting aspect regards the possibility of loading the gels 
with nanostructured cleaning fluids, i.e. o/w microeulsions. Recently, the 
structure of an o/w microemulsion, confined in a poly(vinyl alcohol) (PVA) gel, 
have been investigated; only minimal alteration of the structure of both the fluid 
and gel occurs, thus the functionality of the cleaning system is maintained [17]. 
Besides hydrogels (loaded with aqueous systems or polar solvents), organogels 
(loaded with average- or low-polarity solvents) have been proposed as 
complementary tools for surfaces that can not tolerate any contact with water 
[18,19]. Overall, a palette of tools and solutions has been provided to 
conservators, who can select, together with formulators, the best candidate for 
each cleaning case study. 

In the following sections, an overview of the most promising classes of 
hydro- and organogels is presented, namely: chemical hydrogels based on 
poly(2-hydroxyethyl methacrylate) (pHEMA); chemical organogels based on 
Poly(methyl methacrylate) (PMMA); peelable hydrogels based on PVA; 
physical cryogels based on PVA. The physico-chemical properties of these 
systems will be discussed, and the main applicative aspects regarding their use 
for the cleaning of artworks will be highlighted. These formulations have been 
selected as they represent some of the most advanced tools currently available 
for the cleaning of works of art, and have been successfully used on artifacts 
belonging to the classic, modern, and contemporary Cultural Heritage, from 
inked manuscripts to stone, wall paintings, and easel paintings by artists such as 
Pablo Picasso and Jackson Pollock [20-23]. 

 
Polyvinilalcohol-based formulations for cleaning 

 
The great variety of artistic substrates to be cleaned, and the complex 

surface morphology that some of them present, may require cleaning tools with 
mechanical and rheological properties that vary depending on the case study. 
This means that in some cases highly viscous systems are preferred, while in 
others it is more advisable to work with strong gels with high elastic modulus.  

Polyvinylalcohol (PVA) with different hydrolysis degrees, even combined 
with other components, is a versatile macromolecule that allows obtaining gels 
with characteristics that fulfill most of the conservators’ requirements.  

Condensation of alcohol groups with borates originates a network of chains 
that provides high viscosity to the system [24,25] The first formulation 
investigated for art conservation was based on an aqueous dispersion of highly 
hydrolyzed PVA. Depending on the average molecular weight of PVA, its 
concentration, the concentration of borate ions, the pH of the aqueous solution 
[26], and the temperature, the system can be very stiff or quite malleable [27]. 
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Rheological characterization provided a quantitative description of the obtained 
systems. The frequency sweep curves obtained for all the formulations 
investigated are typical of Highly Viscous Polymeric Dispersions (HVPD): at 
low frequency, the loss modulus G’’ is greater than the storage modulus G’ (i.e. 
the elastic character), but at high frequency, G’ exceeds G’’ [28].  

Successively, an aqueous dispersion of poly(vinyl alcohol-co-vinyl acetate) 
random copolymer (PVAc), cross-linked through the addition of borates, was 
developed. While the presence of the hydroxyl groups grants the cross-linking 
reactions, the vinyl acetate groups (about 27% w/w) allow the inclusion of 
relevant amounts of the organic solvents normally used by conservators for 
cleaning purposes (e.g. acetone, ethanol, propanol, ethyl acetate, etc.) [28]. The 
high shear elastic modulus of PVAc-borate HVPDs accounts for their peeling 
from the cleaned surfaces. This allows minimizing the amount of residues left 
onto the paint surface, which is the biggest limitation of thickened solvents (i.e. 
solvent gels).  

Particularly relevant is the role of solvents in structuring and reinforcing the 
gel network. It was demonstrated that increasing the solvent concentration,  the 
free water index (FWI, i.e. the mole fraction of water that behaves as if it were 
in the neat bulk) decreases linearly down to a value of 0.45 at 25 wt % 1-
propanol (i.e. the highest concentration possible without syneresis). 1-propanol 
acts as a water-structure maker, with a consequent reinforcement of the gel 
network (e.g. the elasticity is enhanced, see figure 1), and the same behaviour 
was observed with methylethylketone, MEK  [28]. 

 

 
 
Figure 1. Removal of hydrogels by peeling them off of a glass surface by 

means of a spatula. (Left): 3 wt % PVA/0.6 wt % borax/20 wt % 1-propanol; 
(middle) 2 wt % PVA/0.4 wt % borax/20 wt % 1-propanol; (right) Crossover 
parameters Gc (crossover modulus) (black circles) and τc (i.e. 1/ωc, where ωc is 
the crossover frequency) (black squares) as a function of 1-propanol (1- PrOH) 
content. The vertical bars are standard deviations of six measurements. Adapted 
with permission from ref. 28. Copyright 2009 American Chemical Society." 

 
PVA- and PVAc-borate HVPDs loaded with solvents of medium polarity 

possess good adaptability to rough surfaces thanks to their viscous character, but 
at the same time, their elasticity allows a gentle peeling off of the gel network, 
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without residues left on the cleaned area. These systems were successfully used 
for the cleaning of different artwork surfaces. Water/MEK blends loaded into 
PVAc-borate systems were used to remove aged protective varnish layers from 
wood paintings and contemporary oil on canvas paintings [29]. In both cases, 
few minutes are required for an almost complete swelling of the undesired layer, 
which is then fully removed with gentle mechanical action performed with a wet 
cotton swab. FTIR measurements performed on the cleaned areas, demonstrated 
that no residues of the cleaning systems could be detected on the surface after 
the application and removal of the HVPDs. Besides, laboratory tests performed 
on model films of shellac, showed that the PVAc-borate systems used during the 
cleaning tests exhibited fluorescence. This led to the conclusion that the shellac 
resin had partially migrated inside the HVPD during the cleaning [30].  
Recently, partially hydrolyzed poly(vinyl acetate) was combined with benzene-
1,4-diboronic acid (BDBA), that forms covalent cross-links, to obtain a soft and 
peelable organogel, able to load a set of solvents largely used by conservators 
(e.g. dimethylsulfoxide, 2-ethoxyethanol, tetrahydrofuran). Some formulations 
were successfully used for the removal of aged varnish from a 16th century 
reliquary and from valuable oil paintings, without leaving any residue on the 
surface, and respecting the delicate paint layer [31]. 
Aqueous dispersions of PVA exhibit peculiar film forming properties [32], 
besides excellent chemical stability, high biocompatibility, low toxicity and low 
costs. This makes PVA dispersions highly attractive as film forming systems, 
which can be loaded with chelating agents for the selective surface cleaning of 
copper-based artifacts. In particular, partially hydrolyzed semi-crystalline PVA 
shows high water solubility and the ability to form films with good mechanical 
properties, thanks to the presence of ordered (crystalline) and amorphous 
domains [33].  
The film forming PVA-based dispersion used in association with a complexing 
agent, such as EDTA that is effective in the removal of copper ions [34], yields 
a cleaning system with enhanced performances in terms of applicability and 
efficacy on corroded metal artifacts. This system is particularly relevant for 
bronze artworks affected by the “bronze disease”, an irreversible process 
originated by the contact of chlorides with copper alloys, which brings to the 
formation of tenacious and undesired patinas [35]. 
For conservation purposes, the system must fulfil the following requirements: i) 
its softness and adhesiveness should permit its application on both horizontal 
and non-horizontal surfaces; ii) the evaporation rate of the liquid phase should 
be slow enough (but not longer than ca. four hours for a single application) to 
allow the reaction of the chelating agent with the patina; iii) the formed film 
should be strong, elastic, and easy to remove in one piece, by means of a gentle 
peeling action; iv) polymer dispersions should be able to load an appreciable 
amount of ligand.  
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During the evaporation process, the formation of two distinct regions occurs 
[36]. A glassy region forms at the polymer-air interface, where the solvent 
evaporation proceeds faster, and the progressive immobilization of the chains 
hinders the formation of crystalline domains. The formation of this glassy 
barrier decreases the solvent evaporation rates, favouring the formation of 
crystalline domains in the underlying rubbery region, which is characterized by 
residual mobility of the entangled polymer chains throughout the whole drying 
process. The glassy-rubbery interface moves inward as the drying process 
proceeds until a glassy film, containing crystalline domains, is formed. 
At the interface between the rubbery region and the corrosion patina, the ligands 
solution is free to diffuse and interact with the corrosion products, and the 
formed complexes are confined within the film. 
This innovative system represents an enhancement with respect to the 
commonly used cleaning procedures since it permits to i) achieve complete 
patina removal thanks to the simultaneous chemical and mechanical action 
(provided by the gentle peeling of the film); ii) adjust the physical and 
mechanical properties of the viscous paste (texture, adhesiveness, transparency, 
etc.) to adapt to different substrates (non-horizontal, rough and irregular 
surfaces). 
Different plasticizers, mainly polyglycols, can be added to the formulation in 
order to improve specific properties, e.g. the softness of the final dry film that 
permits its easier peeling. 
Frequency sweep tests on the investigated systems show a prevalent viscous 
behavior with G’ < G” over almost the entire range of explored frequencies in a 
0-300 minutes time range. A cross-over between G’ and G” is observed at high 
frequencies, typical of polymer dispersions with low cross-linking density. As 
the volatile fraction evaporates, the progressive increase of G’ values indicates 
an increase in entanglement density of the polymer chains due to the formation 
of inter- and intra-molecular hydrogen bonds. The frequency sweep curves of an 
already dried film are characterized by the absence of a crossover between G’ 
and G” curves: G’ is higher than G” over the whole range of investigated 
frequencies, indicating that after drying the system is characterized by a solid-
like behavior.  
A significant difference can be observed between films obtained from 
dispersions containing or not EDTA. The storage modulus (G’) of a dry film 
obtained from an EDTA solution is almost double (7000 Pa) than that of a 
system without EDTA (4500 Pa), as a consequence of enhanced chain 
entanglement promoted by the presence of EDTA, which results in a stronger 
network. It is worth noting that the magnitude of G’ accounts for the easy 
peeling of the final film in a single piece (as shown in figure 2 (c)). 
Preliminary cleaning tests were performed on artificially aged samples in order 
to observe the cleaning performances of the selected formulations. These mock-
up samples were originally attacked with an acidic solution, and then submitted 
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to natural aging (burial for several months) producing samples with a highly 
adherent and inhomogeneous patina. A preliminary characterization, performed 
by XRD, indicated the presence of copper oxychlorides (atacamite, 
clinoatamite) on the surface, and of an underlying cuprite layer. After a first 
cleaning test, performed with a dispersion loaded with 3% w/w EDTA (pH 10), 
a partial removal of the corrosion products was obtained. The EDS analysis 
revealed a reduction of 59 % w/w of the typical elements coming from the burial 
soil (Na, Si, P, Cl). An additional application of gel loaded with 4% w/w EDTA 
(pH 10) resulted in the complete observable removal of the surface corrosion 
products, and in a 92% w/w reduction of the extraneous elements [37]. 
 

 
Figure 2. (A) Weak gel of hydroxypropyl cellulose (Klucel) used as reference; 
(B) vial containing a 3% w/w EDTA (pH 10) loaded PVA70 formulation; (C) 
easy removal of the dry film by peeling; (D) film containing the removed 
corrosion patina. 
 
The first cleaning test on real artworks was performed on a bronze fountain (17th 
century) made by Pietro Tacca in Florence [37]. Corrosion patinas were 
composed by copper carbonates (malachite CuCO3(OH)2), sulphates (antlerite 
Cu3(SO4)(OH)4, brochantite Cu4(SO4)(OH)6), nitrates and chlorides (atacamite 
Cu2Cl(OH)3 and its polymorph clinoatacamite). The cleaning test was performed 
by applying a 3.5% w/w EDTA solution (pH 7) loaded in a PVA-based 
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formulation. After a single application, both white calcium carbonate/sulphate 
and copper corrosion layers were removed. In fact, EDTA is an effective 
complexing agent also for Ca2+ ions, thus performing a double cleaning action. 
High control of the cleaning process was also ensured, since the complexing 
reaction cannot further occur after loss of the volatile fraction and the formation 
of the polymeric film.  
As previously mentioned, chemically cross-linked hydrogels possess a highly 
cohesive structure, which is able to prevent the release of gel residues on the 
surface of a painting. Nevertheless, a chemical network is not the only option to 
ensure the physical integrity of the final system. A cyclic freeze-thawing (FT) 
procedure has been applied to PVA solutions in order to obtain solid-like gels 
[38]. The low temperature in the freezing step causes a phase separation [39]. 
Water starts to freeze, and the ice crystals squeeze the PVA chains in a polymer-
rich phase: hydrogen bonding among the hydroxyl groups eventually leads to 
the formation of polymer crystallites, i.e. the tie-points in the newly formed 
physical gel [40,41]. 
The term “physical gel” is usually taken to mean a structure whose cross-links 
are both physical and transient. It behaves as a liquid on long time scales [42]. 
Gels obtained through freeze-thawing (FT) are physical gels (because PVA 
chains interact through hydrogen bonds), but they mostly behave as solids, 
showing mechanical properties close to those of a chemical gel. 
In this context is thus more appropriate to further distinguish between ‘strong’ 
and ‘weak’ physical gels [43]: 
- strong gels, like cryogels, have a network that is permanent under certain 
conditions [44], even in the absence of chemical cross-links. 
- weak gels fall under the general description of physical gels given above. 
Due to their high biocompatibility, PVA hydrogels have been broadly 
investigated for medical applications, such as substitution of damaged articular 
cartilage [45], wound dressing [46], and controlled release of drugs [47,48].  
In addition to high cohesion and low chemical reactivity, PVA cryogels show 
other salient characteristics that made them ideal for the cleaning of artworks: 
high porosity [41], high water content [49] and retention [17], and a pronounced 
adaptability to irregular surfaces. 
When a painting requires cleaning, a key aspect to select the cleaning system is 
the morphology of the painted surface. For instance, in modern art canvases, the 
relief of the brushstrokes often creates an uneven and fragile background. In this 
case, mechanical removal of soil is not advisable. 
PVA FT hydrogels, produced as thin films (figure 3-C), easily adapt this type of 
surface. 
The flexibility of the system is strongly related to its rheological characteristics, 
and can be tailored varying the polymer concentration, the duration of the 
freezing steps, and the number of FT cycles. All these aspects influence the 
degree of crystallinity of the resulting gel [50]. 
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Recently [17], the physico-chemical properties of PVA cryogels prepared by 
one or three FT cycles (starting from polymer solutions at the same 
concentration) were investigated. 
Rheological measurements on the gels showed that G’ is higher than G’’ in the 
entire range of frequencies: the gels are solid-like. Moreover, the values of G’ 
and G’’ strongly increase with FT cycles (figure 3-A); the number of tie-points 
is higher in the FT3 gel, causing the structure to be more dense and elastic. 
An evidence that the FT3 hydrogel contains a higher concentration of polymer 
in its structure is also provided by measuring the gel content G(%) [51], i.e. the 
residual fraction of polymer after storage in water, and the crystallinity XC [52], 
see figure 3-B. 
 

 
Figure 3. (A) Storage (G’, circles) and loss (G’’, triangles) moduli measured for 
PVA FT1 (filled markers) and PVA FT3 (empty markers) gels; (B) Gel content 
(G(%)) and crystallinity (XC(%)) for PVA FT1(blue bars) and PVA FT3 (orange 
bars). Adapted from ref. 17. Copyright (2017) Royal Society of Chemistry. 
 
Indirect consequences of these properties are the higher ability to swell and the 
larger volumetric capacity of the FT1 gel. 
In order to achieve effective cleaning, fluids should be able to freely diffuse 
inside the polymer matrix and reach the surface on which the gel is lying: high 
porosity and interconnected channels are required. The porosity of the cryogels 
is caused by the formation and growth of ice crystals during the freezing steps: 
they act as templates for the final spongy structure, while packing the polymer 
chains together [53]. Therefore, the higher the number of FT cycles, the larger 
the pores, the thicker the polymer walls of the gels (figure 4-A,B). The 
transmittance of light also changes (figure 4-C).  
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While water-loaded gels are suitable for the removal of dust, o/w 
microemulsions embedded in the network are needed to remove hydrophobic 
dirt from a surface, capturing and holding it inside the gel matrix (figure 5-A). 
The diffusion in the gel of a labelled o/w microemulsion can be studied through 
Fluorescence Correlation Spectroscopy (FCS). The implemented model [54,55] 
(figure 5-B) confirms that the diffusion of the microemulsion droplets is free in 
both FT1 and FT3 gels, albeit showing some boundaries in the FT1 sample: as a 
matter of fact, water-polymer phase separation is less distinct after only one FT 
cycle, and free polymer chains can occlude some gel channels, and then entrap 
few droplets.  
 

 
Figure 4. (A-B) SEM images of PVA FT1 (A) and PVA FT3 (B) gels (bar is 1 
micron); (C) Appearance of the two gels. Adapted from ref. 17. Copyright 
(2017) Royal Society of Chemistry. 
 



 

  13 

 
Figure 5. (A) Microemulsion droplets diffusing in the gel (1), interacting with a 
dirty model substrate and entrapping the dirt (2), and then carrying it into the gel 
(3); (B) Correlation curves for a microemulsion marked with a fluorescent 
amphiphilic dye: diffusion in FT1 gel (full marker), in FT3 gel (empty marker) 
and free diffusion (stars); solid lines show the fit. Adapted from ref. 17. 
Copyright (2017) Royal Society of Chemistry. 
 
 

Acrylate/methacrylate-based chemical gels 
 

Poly(methyl methacrylate) (PMMA) is a transparent and durable polymer that 
has been used in a wide range of fields and applications, spanning from 
technological elements to medical and aesthetic uses [56-59]. 
Due to its hydrophobicity, PMMA based organogels can be obtained by free 
radical copolymerization of methyl methacrylate (MMA) and diacrylate 
monomers in several organic solvents. These organogels have been reported in 
the literature to study the diffusion of polymer chains in gels [60] and control the 
swelling of polymeric network through measurments of fast transient 
fluorescence [61], but only recently their use in the field of conservation of 



 

  14 

cultural heritage has been considered [18]. Traditionally, unwanted hydrophobic 
layers were often removed applying organic solvents directly onto the artifacts 
surface, even if this method caused some issues [10], as discussed in the 
previous sections. Therefore, the development of chemical gels, where the 
confined liquid phase is a low-polarity solvent (as complementary tools to 
hydrogels), expands the applicability of chemical networks for the cleaning of 
cultural heritage.  
PMMA organogels have been recently synthesized tuning the amount of cross-
linker, the type of solvent (i.e. methyl ethyl ketone (MEK), cyclohexanone 
(cyclo), ethyl acetate (EA) and butyl acetate(BA)), and the monomer/solvent 
ratio [18,19]. A decrase of the cross-linker density usually leads to an increase in 
the mesh size, even if the gel porosity is mainly influenced by the equilibrium 
solvent content (Q), that has the highest value in the systems with MEK. The 
evaporation kinetics of free and confined solvents were evaluated comparing the 
loss of weight of swollen PMMA gels to that of a petri dish containing the 
solvent. Due to its retention power, the evaporation rate is reduced in the 
polymeric network (Figure 6), allowing the control of the cleaning action and 
decreasing the impact of the solvents on operators. All the obtained organogels 
exhibit good optical transparency, useful to directly observe the treated surface 
during the cleaning action, and good mechanical stability. No gel residues are 
left on the treated surface, as confirmed by ATR-FTIR analysis. 
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Figure 6. Evaporation kinetics of free and confined solvents in PMMA gels. 
Reprinted with permission from ref. 18. Copyright 2015 Springer Nature. 

 
A PMMA gel, synthesized with EA, was applied on a canvas painting (early 20th 
century) and, after 5 minutes, it swelled and softened the unwanted varnish 
layer, which was then mechanically removed. Part of the varnish was also 
solubilized, and migrated into the polymeric network (Figure 7) [18]. 
PMMA-MEK organogels, with different amounts of cross-linker, were applied 
on a 19th century printed missal book to remove paraffin wax. Two successive 
applications of 15 minutes were performed in order to obtain a gradual and 
controlled removal. In fact, only after the second application, the swollen wax 
that did not adhere to the gel was easly removed with a cotton swab. [19]  
Only the polymeric network with the highest cross-linker density has enough 
retentiveness to avoid uncontrolled diffusion of MEK across the paper surface. 
Therefore, these results confirmed that it is possible to tune the synthetic 
procedure to change the retentiveness of the PMMA organogel, in order to 
extend their use to several substrates with different porosity, hydrophilicity and 
surface roughness. 



 

  16 

 

Figure 7. Application of a PMMA-EA organogel on an early 20th century oil 
canvas painting. Images before (A), during (B) and after (C) the application of 
the organogels. Spot after the mechanical removal of the swollen varnish (D) 
and PMMA-EA gel after the application (E). Reprinted with permission from 
ref. 18. Copyright 2015 Springer Nature. 

 
Poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels were first prepared and 
described for biological use by Wichterle and Lim [62]. Thanks to their high 
water content, soft and rubbery consistence, and low interfacial tension, these 
hydrogels have physical properties similar to those of living tissue. Therefore, 
they have been applied or proposed as biomaterials for synthetic prostheses [63], 
artificial skin [64] and corneal replacement [65], in addition to being used as 
contact lenses [66] and drug delivery [67] systems.  
pHEMA hydrogels are obtained by free radical copolymerization of 2-
hydroxyethyl methacrylate (HEMA) and a cross-linker, usually a diacrylate 
monomer, in water solution. To ensure the production of optically transparent 
and homogeneous gels, the solvent content in the monomer mixture must not 
exceed 40-45 wt% [68,69]; in fact, larger amounts of water lead to phase 
separation during polymerization [70]. When a salt, such as NaCl, is added 
during the synthesis, a heterogeneous hydrogel with a water content less than 40 
wt% is obtained. The salt addition also influences the structure of the polymeric 
network, which is inverted from a pore interconnetted microstructure to an 
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irregular macroporosity consisting of  interconnected spheres. This effect is due 
to a decrease of pHEMA compatibility with the solvent that becomes more 
polar, leading to the so called salting out effect. 
It is also possible to vary the water content and mechanical strength of the 
polymeric network using different types and amounts of cross-linkers during the 
hydrogel synthesis.  
Anyway, classical pHEMA hydrogels does not swell enough to get the required 
softness for many applications, especially in the field of conservation of cultural 
heritage. For this reason, a wide range of co-monomers can be incorporated into 
the pHEMA network, to improve its chemical, physical and mechanical 
properties. For example, introducing different amounts of N-vinyl-1-pyrrolidone 
(VP), it is possible to increase the equilibrium water content and change the 
porosity (Figure 8) and optical transparency, but these gels usually do not have 
good mechanical stability.  
 

  
Figure 8. SEM micrographs of classical pHEMA (left) and pHEMA/VP 
hydrogels (right). 

 
Semi-interpenetrating (semi-IPN) hydrogels, constituted by linear or branched 
polymers embedded into one or more polymeric network during the 
polymerization reaction, can overcome this problem, since the obtained 
hydrogel has features similar to the average of the single homopolymer 
properties. Domingues et al.[71] developed a new class of semi-IPN polymeric 
networks, pHEMA/PVP hydrogels, consisting of a pHEMA network, which 
provides mechanical strength to the hydrogel, and an interpenetrated polymer 
polyvinylpyrrolidone (PVP), which increases the hydrophilicity and porosity of 
the system. Hydrogels with various water contents and PVP/HEMA ratio were 
synthesized to evaluate how these parameters affect the gels’ structure, 
mechanical behaviour (i.e. softness, elasticity and resistance to tensile strength) 
and affinity to water. In particular, three different hydrogels were obtained with 

10	µm 10	µm 
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water contents of 50, 58, and 65 wt% and with HEMA/PVP ratios of 50/50, 
40/60, and 30/70 respectively. It was found that the addition of higher amounts 
of PVP into the reaction mixture leads to an increase of the network 
hydrophilicity and equilibrium water content (EWC), causing an increment of 
the average micro and nano porosity. Moreover, also the free water index is 
affected by the PVP and water content. In fact, the free water index increases of 
about two times from the hydrogel with 50 wt% of water to that with 65 wt% of 
water, as a consequence of a lower number of water molecules in contact with 
the pore walls due to larger pore dimensions.  
Rheological characterization showed that these systems are rigid [72], thus they 
can be applied and removed in one step without leaving residues on the treated 
surfaces, as confirmed by ATR-FTIR analysis (Figure 9)[71]. Due to the tunable 
retentiveness, water-loaded pHEMA/PVP hydrogels can be used to clean water-
sensitive artefacts. In particular, a pHEMA/PVP hydrogel with a water content 
of 58 wt% and a HEMA/PVP ratio of 30/70 was tested on a very delicate 
Thang-Ka (a Tibetan votive artefact made with a ‘tempera magra’ on canvas; 
the pigments are only poorly cohered and adhered to the surface) mock-up. The 
chosen hydrogel grants the homogeneous and confined cleaning of the grime 
layer without causing any colour leaching (Figure 10), as instead occurs using 
traditional agar-agar hydrogels [71].  
 
 

 
 

Figure 9. ATR-FTIR spectra of: pHEMA/PVP hydrogels (slash-dotted line); 
canvases in contact with hydrogels (1) and (2); canvas as is (3). Adapted with 
permission from ref. 71. Copyright 2013 American Chemical Society. 
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Figure 10. Thang-Ka mock-up with different level of soil removal: not cleaned 
(1); after 20 minutes of pHEMA/PVP hydrogel application (2); after further 20 
minutes of application (3). Adapted with permission from ref. 71. Copyright 
2013 American Chemical Society. 

 

pHEMA/PVP hydrogels loaded with a water-ethanol solution (50%) were also 
successfully used for the removal of aged dammar varnish from oil paintings on 
canvas (see figure 11) [73]. 
In order to remove hydrophobic layers from surfaces and limit the cleaning 
action at the interface, microemulsions can be loaded into pHEMA/PVP 
hydrogels. In particular, ethyl acetate/propylene carbonate-based o/w 
microemulsions (µEAPC) were confined into pHEMA/PVP polymeric networks 
and applied onto a canvas painting, to swell and partially solubilize artificially 
aged polymer adhesives. In this way, the swollen hydrophobic coating cloud be 
easily removed by gentle mechanical action [74] (see figure 12). Moreover, 
from confocal microscopy measurements, Mazzuca et al. showed that these 
hydrogels can be loaded with hydrolytic enzymes that can digest selectively 
aged pastes and glues, usually found in old paper artworks. The diffusional 
properties and the pore size of the gels allow the absorption of the product, 
detached from the paper during the cleaning process, into the polymeric network 
[72].  
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Figure 11. Removal of aged varnish from an 18th-century canvas painting. (a) 
Photographs of the painting and of the poly(2–hydroxyethyl 
methacrylate)/poly(vinylpyrrolidone) hydrogel application. From left to right: 
the painting before cleaning (visible light); the painting before cleaning 
(ultraviolet light); the application of the hydrogel (visible light); the painting 
after cleaning (visible light); and the painting after cleaning (ultraviolet 
light). (b) Ultraviolet photographs of the painting showing the feasibility of 
using chemical gels over a large area. Ultraviolet light fluorescence 
highlights the efficacy of the cleaning process (left image, not cleaned; right 
image, cleaned). (c) Visible light photographs of the painting showing the 
feasibility of using chemical gels over a large area (left image, not cleaned; 
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right image, cleaned). Reprinted with permission from ref. 73. Copyright 2015 
Springer Nature. 
 

 
 

Figure12. Optical microscopy images (x100 magnification) of canvas before 
(left) and after (right) the removal of aged adhesive using microemulsions 
confined in the pHEMA/PVP hydrogel with 65 wt% of water. Reprinted with 
permission from ref. 74. Copyright 2014 Springer Nature. 

 
Conclusions 

 
A wide palette of formulations has been developed in the framework of 

colloids science and soft matter, specifically designed to allow the controlled 
removal of unwanted layers from the surface of artworks. The formulation of 
hydrogels and organogels enables to confine, and gradually release, a wide 
range of cleaning fluids, from aqueous solutions (of enzymes, chelators, 
acids/bases, surfactants) to oil-in-water microemulsions, and average- and low-
polarity solvents. It is thus possible to remove surface dirt, hydrophilic or 
hydrophobic soil, overpaints, and aged coatings, adhesives and varnishes. 
Networks of polymers such as poly(2-hydroxyethyl methacrylate) (pHEMA), 
Poly(methyl methacrylate) (PMMA), and poly(vinyl alcohol) (PVA) have been 
formulated. By changing the type of polymer and the synthetic process, it is 
possible to tune the physico-chemical properties of gels, polymer viscous 
dispersions, and films. Highly viscoelastic materials can be easily handled, 
applied, and removed from the surface of artworks without leaving observable 
polymer residues (e.g. by ATR-FTIR), as opposed to traditional thickeners (e.g. 
cellulose ethers or “solvent gels” of polyacrylic acid).  

Highly viscous polymer dispersions (HVPDs) of PVA can be loaded with 
water or polar solvents, applied on artworks (e.g. to remove yellowed 
varnishes), and removed from the surface in a single step. Films of PVA can be 
cast from polymer dispersions (for instance, loaded with chelators) directly on 
the surface of metallic artifacts; then, the films are peeled off the surface, 
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selectively removing corrosion patinas. Organogels of PMMA, loaded with 
average-polarity solvents, allow the quick removal of adhesives or wax from 
solvent-sensitive inked manuscripts. Finally, highly retentive semi-IPN 
hydrogels based on pHEMA and PVP allow the controlled removal of surface 
dirt from highly water-sensitive surfaces, where the colors are poorly cohered 
and adhered. 

These systems have been validated on numerous case studies, regarding the 
cleaning of objects and masterpieces from the classic, modern, and 
contemporary art productions. Overall, a new generation of cleaning tools has 
been provided to the conservation community, to improve on traditional solvent 
thickeners. 
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ABSTRACT: The cross-linker nature and water content may impact the microscopic
dynamics of hydrogels components and thus their properties in applications such as drug
delivery and water confinement. To investigate these aspects, we used quasi-elastic neutron
scattering with contrast variation to distinctly study the polymer and water dynamics in
polyhydroxyethyl methacrylate (pHEMA) chemical (cg) and physical (pg) hydrogels with
various water contents. For the polymer network, a distribution of relaxation processes was
observed, mainly related to the side chains. Water dynamics was found to occur as a H-bond
governed process with a jump-diffusion mechanism. The interaction with the polymer matrix
considerably slows the water dynamics with respect to bulk water and other confined systems
and leads to a fraction of water molecules appearing as immobile. With a higher hydration
level, the mobility of both the water and the polymer network increases. For the same water
content, pg presents slower relaxation processes and a smaller explored space than their cg
equivalents as a result of side chains involvement in the formation of the three-dimensional
network typical of hydrogels. In the less hydrated gels, water mobility is sensibly reduced in
the cg compared with pg, whereas at higher hydration the mobilities are similar but with shorter residence times in cg.

■ INTRODUCTION

Hydrogels are mainly cross-linked polymeric three-dimensional
(3D) networks where a continuous water phase is “confined”.1

They can be classified as physical or chemical depending on
the nature of the cross-linker. In the first case, the polymeric
chains are held together by physical interactions such as
hydrophobic forces, hydrogen bonds, electrostatic interactions,
and entanglements, whereas if the chains are connected by real
chemical bonds the hydrogel is a continuous polymeric
network falling in the second class by definition. 2-
Hydroxyethyl methacrylate (HEMA) based chemical hydro-
gels are one of the very first examples of synthetic hydrogels.
They were developed in the 1960s by O. Wichterle and D.
Lim.2,3 Since their synthesis, they have been extensively
employed in many biomedical fields (orthopedics, surgery,
burned skin treatments, artificial tissues, contact lenses,
etc.),3−9 due to their excellent biocompatibility, permeability,
and tunable mechanical properties. At equilibrium, they reach a
water content (EWC) of about 40% w/w. The attention to
these systems, even in the presence of comonomers, has been
particularly focused onto soft contact lenses and drug delivery
applications, mainly for transdermal and ophthalmic deliv-
ery.10−14 Very recently, various hydrogels and, in particular,
polyhydroxyethyl methacrylate (pHEMA) semi-interpene-

trated with linear polyvinylpyrrolidone (PVP) have also been
used in exotic applications such as cultural heritage
conservation of water sensitive artifacts,15−18 due to the
possibility to load water-based nanofluids (i.e., micellar systems
and microemulsions) and tune the transport properties of the
continuous aqueous phase by simply changing the HEMA/
PVP ratio.19,20 Intimate knowledge of the transport properties
in these materials is of fundamental importance when the final
application needs to be optimized,14 and a better under-
standing of the dynamics at the molecular scale has often been
proven beneficial.21−25

To this aim, quasi-elastic neutron scattering (QENS)
represents a very powerful technique to study the dynamics
of hydrogenated systems thanks to the peculiarities of neutrons
as a probe such as the high incoherent cross section for
hydrogen and the time window associated with the exchanged
energy.26 QENS was successfully exploited for the investigation
of the dynamic behavior of hydrogel components at the
molecular level and in the nano-/picosecond time scale in
similar systems.27−30 Very interestingly, in the case of a
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thermoresponsive hydrogel (i.e., poly(vinyl alcohol)/poly-
(methacrylate-co-N-isopropylacrylamide) network), a distinc-
tive change in the values of the diffusion coefficient of bound
water was observed at the transition temperature as a
consequence of the structural collapse induced by temper-
ature,31 as well as at a lower temperature, around 250 K, in
connection with a dynamical transition of the polymer.32

In this paper, we present a systematic study on pHEMA
hydrogels, both chemical and physical, with different weight
fractions of water (hereafter indicated as w/w). The proposed
systems, even if rather simple, allow us to investigate the effect
of the water content and the nature of the cross-linker on the
final transport properties of the hydrogel. QENS and thermal
analysis were used to depict the confining effect of the polymer
network on the water molecules in fully hydrogenated systems,
while gels loaded with deuterated water were used to study the
dynamics of the 3D polymeric network.

■ MATERIALS AND METHODS
Preparation of the Hydrogels. Water was purified by

using a MilliRO-6 Milli-Q gradient system (Milli-pore,
resistance >18 MΩ cm). Deuterium oxide (D2O, 99.90% D)
was purchased from Eurisotop, France, and all the other
reagents were purchased from Sigma-Aldrich, Milan, Italy, and
used as received.
Physical gels (pg) with 10% to 41% w/w hydration levels

were prepared by adding the corresponding amount of H2O
(or D2O) to poly(2-hydroxyethyl methacrylate) with an
average molecular weight of 20000 Da (CAS: 529265). The
so-obtained dispersions were centrifuged at 500 r.p.m. until a
homogeneous transparent gel was obtained.
Chemical gels (cg) with an equilibrium water content of

40% w/w were prepared through radical copolymerization of
HEMA monomer, 2-hydroxyethyl methacrylate (CAS: 128635,
assay ≥97%), and EGDMA cross-linker, ethylene glycol
dimethacrylate (CAS: 335681, assay ≥98%), which was
added as 2% w/w with respect to the monomer. The obtained
product, water (or D2O), and the radical initiator ammonium
persulfate (APS), (purity >98%) added as 2.5 mg per each
gram of HEMA, were mixed under a flux of N2 for about 10
min to remove O2. To promote the homolysis of APS, 80 μL of
TEMED, N,N,N′,N′-tetramethylethylene-diamine (purity
≥99%), were added as a catalyst. The polymerization was
thermally initiated at 40 °C in a 0.25−0.5 mm thin flat
demountable and gastight container, to obtain gels already
shaped for the neutron scattering experiment. The matrix was
polymerized for at least 4 h. So-obtained gels were washed five
times with water (or D2O) to remove unreacted reagents (and
totally exchange the labile H with D). Finally, 10%, 20%, and
30% w/w hydration levels were reached by dehydrating the
40% w/w gel in a controlled humidity chamber with a relative
humidity of about 50% (i.e., MgNO3 saturated solution).
The pHEMA/H2O samples are hereafter indicated as pg for

physical gels and cg for chemical gels, followed by the
hydration percentage (e.g., pg20 for physical gel with 20% w/w
hydration level). Samples hydrated with heavy water, pHEMA/
D2O systems, are marked by adding the suffix _D (e.g.,
pg20_D for a physical gel hydrated at 20% w/w with D2O).
Thermal Analysis Experiments. Differential scanning

calorimetry (DSC) measurements were carried out with a
Q2000 calorimeter (TA Instruments) at a constant nitrogen
flow rate of 50 mL/min on about 10−20 mg of hydrogel.
Samples were loaded in a closed aluminum pan, and an empty

pan was used as a reference. The thermograms were recorded
with the following cycle: equilibrate at 278 K, ramp 0.50 K/
min to 193 K, ramp 0.50 K/min to 350 K.
Thermogravimetric analysis (TGA) measurements were

performed by SDT Q600 (TA Instruments) in a N2
atmosphere with a purge flow rate of 100 mL/min. The
balance sensitivity is 0.1 μg with respect to the weight change
in the sample. The samples (10−15 mg) were placed in open
aluminum pans and dehydrated by heating 10 K/min from
room temperature up to 523 K.

Quasi-Elastic Neutron Scattering Experiments. QENS
spectra were acquired for cg20, cg30, pg20, and pg30, and for
cg20_D, cg30_D, pg20_D, and pg30_D with the high-
resolution near-backscattering crystal-analyzer spectrometer
BASIS at the Spallation Neutron Source (SNS) of the Oak
Ridge National Laboratory (ORNL) in Tennessee, USA. The
energy of the neutrons scattered by a sample, Bragg-selected by
Si(111) crystal analyzers at 88° scattering angle, is 2.082 meV,
giving an accessible scattering vector Q range of about 0.25−2
Å−1.33 The maximum accessible neutron energy transfer
window was ±0.1 meV.
The samples were arranged as to take an annular shape with

a thickness of ∼0.25 mm, to obtain a transmission of about
90%. Data were collected at 10 K (or 20 K), 270 K, 280 K, 290
K, and 300 K. The temperature was controlled within ±0.5 K
by a closed cycle refrigerator. Because of the available beam-
time constraint, cg20 and cg20_D were measured only at 270
and 300 K. The low-temperature measurements (10 or 20 K)
were used to determine the instrumental resolution function.
This approach is well justified as the recorded signal is
dominated by incoherent scattering from hydrogen atoms, and
nonvibrational dynamics measurable at BASIS are frozen out at
such low temperatures. An average full width at half-maximum
(FWHM) of (4.0 ± 0.5) μeV was derived, in agreement with
the specifications of the BASIS33 spectrometer for the used
experimental setup. Raw data were reduced to a dynamic
structure factor S(Q, E) using software available at SNS. For
each sample, 16 spectra in a Q range from 0.35 Å−1 to 1.85 Å−1

(step = 0.1 Å−1) were obtained and analyzed.
The difference in the hydrogen and deuterium incoherent

cross sections34 allows us to isolate the dynamics of the
polymer network in the hydrogel by replacing the hydration
water with D2O. The incoherent contribution of the heavy
water is negligible, being about 1.2% (20% w/w hydrated
samples) and 1.8% (30% w/w hydrated samples) with respect
to the total signal. Furthermore, the signal from the hydration
water, Sw(Q, E), was obtained by subtracting the spectra of the
pHEMA/D2O hydrogel out of the correspondent pHEMA/
H2O spectra, using standard routines provided at SNS as part
of the raw data reduction package. The so-obtained data are
labeled with the suffix _w (e.g., pg20_w for the signal obtained
by subtracting the spectra obtained for pg20_D from those
obtained for pg20). The fitting procedures were carried out
with routines and χ2 minimization algorithms of the software
DAVE,35 Matlab, and IgorPro.

■ POLYMER NETWORK
QENS Data Analysis. To derive a model for the

description of the S(Q, E), considerations on the composition
and structure of the polymer were taken into account. Figure 1
shows the HEMA monomer chemical formula. For the
pHEMA/D2O systems, only nine H atoms have to be
considered after the H−D exchange: three from the methyl
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moiety (in orange), two from the ethylene groups present in
the backbone (in red), and four from the ethylene group
constituting the side chain (in green) attached to the
backbone; the hydrogen on the hydroxyl group (in light
blue) is totally exchanged with deuterium and washed away
during sample preparation. Moreover, in the case of the
chemical gels, the cross-linker contribution has been neglected
since it accounts only for 2% w/w with respect to the HEMA
monomer constituting a small contribution to the backbone
dynamics.
We define SB(Q, E) as the dynamic structure factor of the

backbone hydrogen atoms. The dynamic structure factors of
the methyl group and the side chain, with respect to the
backbone, are indicated as SM(Q, E) and SSC(Q, E),
respectively. The methyl group and the side chain move
together with the backbone; hence, to describe the dynamics of
their H atoms, SM(Q, E) and SSC(Q, E) have to be convoluted
with SB(Q, E). Within these approximations, the following
expression can be used to analyze the data:
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where A′(Q) is a normalization constant, ⊗ indicates the
convolution product, Res(Q, E) is the experimental resolution
function, and bkg(Q, E) is a linear background which takes
into account dynamical processes too fast to fall within the
instrumental window and instrumental noise.
A segmental backbone dynamics characterized by a

relaxation distribution and a Q dependence from Q2 and Q4

was identified in previous studies, for example, on poly(vinyl
methyl ether) solutions.28 The presence of a delta function in
all our fits, in agreement with many studies on the polymer
network dynamics in various hydrogels,27,29,31,36−38 points
toward the assumption that the long-range backbone dynamics

is too slow to be resolved with our experimental setup.
However, some localized dynamics might be still appreciable in
the probed length and time window. For this reason, assuming
localized motions, the backbone dynamics can be modeled as

S Q E Q E Q Y Q E( , ) EISF ( ) ( ) (1 EISF ( )) ( , )B B B Bδ= + −
(2)

EISFB(Q) and YB(Q, E) provide information on the explored
volume of the dynamics and its time scale, respectively.
Assuming that the backbone explores uniformly a region of
space with dimension RB, its elastic incoherent structure factor
EISFB(Q) can be modeled as

Q Q REISF ( ) exp
1
3B

2
B
2i

k
jjj

y
{
zzz= −

(3)

where RB is assumed to be small on the order of 1 Å. The
functional form of YB(Q, E) will be discussed in the following.
Under the assumption that the methyl carbon atom is rigidly

attached to the backbone (i.e., no dynamics), the motion of the
hydrogen atoms of the methyl can be modeled simply as a 3-
fold rotation:

S Q E Q E Q L E( , ) EISF ( ) ( ) 1 EISF ( ) ( )M M M Mδ= + [ − ]
(4)

with the elastic incoherent structure factor proper of the
methyl group rotation, EISFM(Q), taking the form:

Q j QREISF ( )
1
3
1 2 ( 3 )M 0 M= [ + ]

(5)

where j0 is the first-order spherical Bessel function and RM is
the radius of the methyl group (i.e., about 1 Å).34,39 At the
measurement temperatures we used, the half-width at half-
maximum (HWHM) of the Lorentzian function LM is expected
to be around 1 meV,34,39 which is much broader than our
experimental energy window, suggesting no contributions to
the observed QENS signal. Even considering a distribution of
jumping rates for the methyl rotation in polymers,40 the
contribution to the observed signal in the current dynamical
window at the measured temperatures is expected to be
marginal.
The motions of the side chain with respect to the backbone

can be considered as localized, with no long-range diffusion.
An acceptable approximation is therefore

S Q E Q E Q Y

Q E

( , ) EISF ( ) ( ) 1 EISF ( )

( , )
SC SC SC SCδ= + [ − ]

(6)

The elastic incoherent structure factor EISFSC(Q) can also
be modeled as

Q Q REISF ( ) exp
1
3SC

2
SC
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k
jjj

y
{
zzz= −

(7)

where RSC is expected to be about 5 Å, from a rough estimation
of the bond distances. Therefore, its contribution is mostly
limited at low Q. The quality of the data does not warrant the
use of a more detailed approach.
The functional form of YB(Q, E) and YSC(Q, E) needs to be

determined. For a simple, i.e., exponential, relaxational process
it would be a Lorentzian; for more complex processes and, as
often is the case with polymers, when there is a distribution of
relaxation times, the Fourier transform of a stretched
exponential is a suitable model.

Figure 1. Structure of the main repetition unit present in both
physical and chemical pHEMA hydrogels. (A) Stick/space-filling
mixed model with standard color-codes for elements (C = gray, O =
red and H = white). (B) Structural formula. The different colors for H
indicate the different parts in which the monomer unit has been
ideally divided: orange for the methyl group, red for the backbone,
green for the side chain and light blue for the hydroxyl group.
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With the above-mentioned considerations, the expression
for the observed S(Q, E) is
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The dynamics of the methyl group is much faster than the
backbone motion, and therefore we can approximate YB(Q, E)
⊗ LM(Q, E) ≈ LM(Q, E). Under the above introduced
assumption that the methyl group dynamics is much faster
than the investigated time scale, the above equation can be
simplified:
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The backbone and side chain dynamics are expected to have
similar time scales so that the experimental separation of YB(Q,
E), YSC(Q, E), and YB(Q, E) ⊗ YSC(Q, E) is beyond current
experimental capabilities, especially because each of these
functions is already likely representing a distribution of
relaxation times, and the instrumental resolution function
further smears the signal. Therefore, the data have been
analyzed in terms of the simplified scattering law:

S Q E A Q E A Q Y Q E

Q E Q E

( , ) ( ) ( ) ( ) ( , )
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⊗ + (10)

The analysis of Ypolymer(Q, E) yields insights into the time
scale of the polymer motions, whereas the a posteriori analysis
of the EISF(Q):

Q
A Q

A Q A Q
EISF( )

( )
( ) ( )

EL

EL QE
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+ (11)

will provide information on the dynamics of the different
hydrogen groups in the polymer.

Results and Discussion. As anticipated, the functional
form of Ypolymer was determined during the fitting procedure as
the Fourier transform (FT) of a stretched exponential (or
Kohlrausch−Williams−Watts, KWW, function):
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where τ′ is the relaxation time and β is the stretching exponent,
which can take values between 0 and 1. In polymer dynamics,
the exponent is usually on the order of 0.5.28 This functional
form can be the result of a distribution of relaxation processes
in the system. It is well established that polymer networks in
general can be characterized by heterogeneous environments at
the molecular scale, which give rise to nonexponential
relaxation functions.41 In this respect, β indicates the extent
of the heterogeneity. For all the samples, β was found to be
almost Q independent. Figure 2a shows the Q dependence of β

in pg30_D at 280 K, taken as an example. To reduce the
number of free parameters in the fitting routines, final fits were
thus carried out fixing β on the calculated average for each
sample and temperatures. The averaged stretching exponents
<β>Q, Figure 2b, are in the range from 0.45 to 0.56 and do not
vary significantly among different temperatures and samples. In
Figure 3, we report the dynamic structure factors of the
hydrogels loaded with D2O at 300 K and Q = 0.95 A−1 and
their fits. The good agreement between fits and experimental
data supports the approximation of the use of <β>Q.
The average relaxation time,42 τ′,̅ can be derived as

1i
k
jjjj

y
{
zzzzτ τ

β β
′ = ′ Γ

(13)

where Γ is the Gamma function. The obtained values
(comprised between 0.073 and 0.312 ns) do not show a
significant trend with Q, validating the assumption that the
dynamics of the side chain is localized. In the following, their
Q-averaged values <τ′>̅Q are discussed. Increasing the
temperature, <τ′>̅Q generally decreases, showing that the
relaxation dynamics is activated by thermal fluctuations.
Moreover, pg samples present slower relaxation processes
than their cg equivalents, of about 40% (pg20) or 10% (pg30)

Figure 2. (a) Example of the stretching exponent as a function of Q.
The dashed blue line represents the average value. In (b), the
stretching exponent averaged in the whole Q range for the different
samples and temperatures is reported.
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on average, depending on T. This reduced mobility of the side
chain for the physical hydrogels of pHEMA is a clear evidence
of the hydroxyl group involvement in the network formation.
Figure 4 shows the Arrhenius plots of the relaxation times.

Although the probed temperature range is quite limited, it
seems that hydrogels with 20% w/w of water content follow an
Arrhenius law much better than 30% w/w samples. Such a
difference with hydration could be due to the plasticizer role of
the solvent, which allows a higher mobility and thus several
local minima in the energy landscape.43,44 In the scheme
proposed by Angell,45 this would correspond to a more fragile
behavior. As a matter of fact, considering the composition of
the samples, we expect to have about one water molecule per
−OH group (side chain) in the 10% w/w sample, two in the
case of the 20% w/w, four in the 30% w/w hydrogels, and six
when the water content is 40% w/w. Going from two water
molecules per hydroxyl group to four changes the response to
the temperature from Arrhenius to super-Arrhenius and the
hydrogel from strong to fragile-like. For pg20_D, an activation
energy of −0.10(2) eV (or −10(2) kJ/mol) was found.
Assuming an Arrhenius behavior for cg20_D, a similar, slightly
higher, value is obtained (−0.14 eV).
The analysis of the EISF(Q), Figure 5, can provide insights

into the geometry of the motion of the different hydrogen

groups in the polymer. It can be noted that the profile is fairly
similar for all the samples and temperatures, suggesting that
the same dynamical processes are observed. The decay is
slightly more pronounced at increasing the temperature and
hydration, evidencing an increased mobility. In deriving an
expression for the EISF, it is assumed that the methyl group
dynamics is fast, so that it contributes to the background only,
therefore being counted out of the total spectral area. Support
for this idea comes from the analysis of the normalized total
integrated intensities, calculated as the ratio between the sum
of the integrated intensity of the delta function and the
FT_KWW function (AEL + AQE = Atot) and the integrated
intensity of the measurements below 50 K (Ares). Its Q-
dependence shows that the mean squared displacements
obtained by considering simply a Debye−Waller factor, in
the range from 0.16 Å2 to 0.4 Å2, are much higher than those
expected for pure atomic vibrations46 (about 0.01 Å2),
suggesting that the background indeed comprises also other
kinds of fast motions. The EISF fits were carried out in
accordance with two different hypotheses: (i) the backbone
dynamics is too slow and constrained to be appreciated, SB(Q,
E) ≈ δ(E), RB ≈ 0; (ii) the backbone explores a region of space
of radius RB. The dashed lines in Figure 5 are fits using an
expression derived from eq 9 under the first scenario:

Q
A B A Q A B Q

A B A Q A B
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(1 )EISF ( ) (1 )(1 )EISF ( )
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where EISFM(Q) and EISFSC(Q) are the contributions of
methyl groups and side chains to the total EISF(Q), as defined
in eq 5 and eq 7, respectively.
Conversely, the fits represented by the dotted lines are in

accordance with the second scenario and thus to the equation:
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Figure 3. Dynamic structure factor for the pHEMA/D2O samples at
300 K and Q = 0.95 Å−1 and relative fit. The different components of
the fit, i.e., elastic (delta function convoluted for the experimental
resolution), quasi-elastic (FT_KWW convoluted with instrumental
resolution), and background, are shown for completeness. Through-
out the paper, error bars represent one standard deviation.

Figure 4. Arrhenius plots for pHEMA (a) cg and (b) pg. Dashed lines
show the fits for the low hydrated samples. With only two
temperatures, the Arrhenius behavior for cg20_D is assumed and
expected in analogy with pg20_D.

Figure 5. Elastic incoherent structure factor EISF(Q). Lines are fit
according to eq 14 (dashed lines) and eq 15 (dotted lines), with the
color code referring to the different temperatures, as in the legend.
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For both eq 14 and eq 15 and according to stoichiometry of
the polymer (see Figure 1), A and B are supposed to take the
values of 2/9 and 3/7, respectively. However, in the fitting
according to eq 14 A, B, RSC were all free fitting parameters,
whereas in the fitting according to eq 15 B(1 − A) was fixed to
1/3, the fraction of hydrogen atoms in the methyl groups, to
maintain the number of fitting parameters as three, i.e., A, RB,
and RSC, manageable considering the experimental uncertain-
ties.
Both models give similar results and well approximate the

data. In this context, we note that a small contribution from the
methyl rotation to the observed signal would be compatible
with the EISF data in the accessible Q range. Fit parameters are
reported in Figure S1 in the Supporting Information, SI. RB
values range from 0.36(2) Å to 0.72(2) Å, increasing with both
water content and temperature. For the cg20_D sample, RB ≈
0.4 Å, for pg20_D RB ≈ 0.5 Å, and for both cg30_D and
pg30_D RB ≈ 0.6 Å. These values are consistent with a
strongly constrained dynamic. The radius of the region
explored by the side chains, RSC, takes physically reasonable
values in the range of 4.4−5.8 Å (4.5−6.5 Å for eq 15), with
uncertainties on the order of 2−10%. The values moderately
increase with increasing temperature and are higher in cg with
respect to pg. Similar to the results obtained for the relaxation
time, the involvement of the side chain in the network
formation might be the reason for the reduced mobility in the
physical gels compared with the cross-linked equivalents. The
obtained weights of the different parts of the polymer are
slightly different from the expected values. In the fits using eq
14, A is smaller than 2/9 and B(1 − A) is larger than 1/3,
which is indicative of some mobility of the backbone. On the
other hand, the fact that A takes values larger than 2/9 for eq
15 indicates that some of the side chain hydrogens explore a
region smaller than 1 Å. In summary, the data indicate that the
hydrogens in the system explore the surrounding space with a
distribution of accessible volumes. The model underlying eq 15
simplifies this picture considering only two possible sizes.
However, the limited number of data points do not warrant the
analysis in terms of a distribution of RB and RSC. Moreover, the
analysis employed provides us with the relevant information on
the size of the space explored by the backbone and side chain,
at least as an average.

■ HYDRATION WATER

The analysis of the dynamic structure factor of the hydration
water Sw(Q, E), obtained as described in the Materials and
Methods, was carried out for Q < 1.4 Å−1, i.e., in the region
where the contribution from the center of mass dynamics is the
major component of the scattering, thus allowing the rotational
motions to be ignored.47 Referring to the Sears expansion,48

the translational dynamics of water dominates the spectra up to
∼1 Å−1. However, simulation results49 indicate that, because of
translational-rotational coupling,50 the translational intermedi-
ate scattering function (ISF) approximates the ISF of the
hydrogen atoms. Furthermore, within this Q range and in the
probed time scale, the short-time vibrational motion of the
water molecules can be considered as equal to 1.42,49 It is
therefore justified to consider the scattering function as
approximated by its translational part only.
During a first, model-free analysis, we tried to assess the best

functional form for the fit of the Sw(Q, E). Very good
agreement with the data was reached already using a simple

combination of a delta function, δw(E), a Lorentzian function,
Lw(Q, E), and a linear background, bkgw(Q, E):
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where Resw(Q, E) is the experimental resolution function,
C(Q) is a normalization constant, and EISFw(Q) is the elastic
incoherent structure factor of the water. Such a model has been
previously used, for example, for water confined in Vycor.51

This approach is also justified by DSC measurements (see
Figures S2 and S3 in the Supporting Information, SI), which
clearly evidence two fractions of water in pHEMA hydrogels
with up to 40% w/w of water content according to their
diverse response to freezing/melting cycles: one fraction is
bound (i.e., interacting with the polar groups of the polymer),
and thus it does not freeze and melt, and one is free (i.e., in a
bulk-like state). In particular, DSC detects the amount of water
that is still freezable in the sample, and, if combined with TGA
determining the total amount of water in the hydrogel, the free
water index, FWI, can be calculated as52

H

W H
FWI exp

th
=

Δ
Δ (17)

where ΔHexp is the enthalpy associated with the water melting
determined by the peak integral in the DSC heating scan, W is
the water weight fraction in the sample, and ΔHth is the
theoretical value of the melting enthalpy for pure water
(333.55 J/g).23 Results, summarized in Table 1, show a
consistent fraction of water, BWI (i.e., bound water index), still
not frozen at −80 °C in all samples.
From the DSC thermograms reported in Figures S2 and S3

in the Supporting Information, it is possible to observe that the
freezing temperature of the water is higher for the most
hydrated samples, in accordance with previous results by Lee
et al.22 For cg20, transition peaks were observed neither in the

Table 1. Free Water and Bound Water Index Derived from
Thermal Analysis for pg and cg Hydrogels with Water
Content up to about 40% w/wa

hydration,
% (±0.1)

FWI
(±0.01)

BWI
(±0.01)

free water,
% (±0.1)

bound water,
% (±0.1)

pg11 11.5 0 1 0 11.5
pg18 18.4 0.03 0.97 0.6 17.8
pg20 20.4 0.06 0.94 1.2 19.2
pg25 24.9 0.37 0.63 9.2 15.7
pg27 26.6 0.41 0.59 10.9 15.7
pg28 28.0 0.42 0.58 11.8 16.2
pg41 41.3 0.48 0.52 19.8 21.5
cg6 5.7 0 1 0 5.7
cg11 11.1 0 1 0 11.1
cg19 18.8 0.01 0.99 0.2 18.6
cg25 24.9 0.07 0.93 1.79 23.1
cg27 27.4 0.05 0.95 1.4 26.0
cg33 33 0.34 0.66 11.2 21.8
cg40 40.2 0.40 0.60 16.2 24.0
cg43 42.8 0.40 0.60 17.1 25.7

aBound and water content % are reported as well to show the
distribution of the total water content in the two states.
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cooling nor in the heating thermograms, in agreement with
previous works on pHEMA hydrogels22 and commercial
contact lenses.21 In the case of pg20, a small amount of free
water (<0.05) is still detectable.
Figure 6 shows the fractions of bound and free water with

respect to the total water content for both pg and cg, to better
emphasize how the water is distributed in the two different
states. Bound water fraction increases with the water content
and gets to a plateau after 20% w/w (see Figure 6a) as a
consequence of the limited binding capacity of the hydroxyl
group that can strongly coordinate about two water molecules.
The plateau value results are lower in the pg case, thus
confirming that the hydroxyl groups are not completely
available but also involved in the hydrogel network formation.
When the two water molecules threshold is reached, additional
water behaves like bulk water maintaining its ability to freeze;
see Figure 6b.
Such findings are consistent with the presence of diverse

fractions of water with different mobilities, either more similar
to the bulk water or more associated with the polymer matrix,
thus justifying the use of a delta plus a Lorentzian function in
the fitting of the QENS data relative to the total hydration
water signal. The addition of a second Lorentzian, following
the approach of several studies on analogous sys-
tems,27,31,36−38,53,54 could not be justified in our experimental
window, as the broader component was mainly a background,
as similarly reported for PVA hydrogels.27 The use of a
FT_KWW function was also considered, according to the
study of Zanotti et al.51 for water confined in Vycor glass. The
agreement with the data slightly improved, but being yet
comparable to the single Lorentzian model, the use of a higher
degree of complexity was beyond the aims of the present
paper. Indeed, the FT_KWW can easily superimpose with the
elastic fraction and/or with the background, making it more
difficult to distinguish among different populations with
different dynamical behavior and to determine possible trends
as a function of T, hydration, and type of gel.
A preliminary fit was also used to investigate a possible effect

of the confinement imposed by the gel on the probed
dynamics. For a mesh size of ca. 7 Å, or below, characteristic of
these gels,19 a signature of confined diffusion would be a Q-
independent value of the HWHM of the Lorentzian function,
Γ/2(Q), up to ca. 1 Å−1.55,56 Conversely, we observed an
increasing Γ/2(Q), following roughly a Q2 dependence up to
0.6−0.8 Å−1 and then plateauing at higher Q-values. We thus

concluded that the elastic part of the spectra does not originate
from a confinement effect, as for example in refs 51 and 57, but
it is rather primarily related to the existence of a hydrogen
atoms population whose dynamics is too slow to be
appreciated within the experimental resolution. This pop-
ulation is related to the bound water fraction evidenced by
DSC. The slight Q-dependence observed in EISFw(Q) is likely
reminiscent of the water molecule rotation.34 In order to
reduce the number of free parameters during the fit, we thus
fixed EISFw(Q) to its averaged value in Q for each sample and
temperature, <EISFw>Q. Figure 7 shows the fits of the Sw(Q, E)

for the different hydrogels at 300 K and Q = 0.95 Å−1 taken as
examples. It can be noted that the good agreement with the
experimental data is maintained when introducing such an
approximation.
The relative weight of the elastic part <EISFw>Q can be

therefore regarded as the fraction of water that strongly
interacts with the polymer network, motionless in our time
scale, and (1 − <EISFw>Q) as the fraction of water that is free
to diffuse. The observation of several populations with distinct
dynamic behavior is quite common in liquids under confine-

Figure 6. (a, b) Bound and free water in pg and cg pHEMA hydrogels. Dashed lines are only a guide for the eye.

Figure 7. Dynamic structure factor of hydration water in pHEMA gels
and relative fit according to eq 16. The different components of the
fit, i.e., elastic (delta function convoluted for the experimental
resolution), quasi-elastic (Lorentzian function convoluted with
instrumental resolution), and background, are shown for complete-
ness.
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ment, as evidenced by neutron scattering studies on other
hydrogels27,31,37,53 and studies conducted with 1H NMR and
DSC on pHEMA hydrogels.23,58 Figure 8 shows <EISFw>Q as a

function of temperature. In all the samples, part of the
immobile water fraction converts into mobile water as the
temperature increases. Moreover, the relative amount of
immobile water is higher in the less hydrated gels, in
agreement to results obtained with other techniques as
reported in literature22,58 and to the DSC analysis of the
present study (see Figure 6).
The results of Figure 8 indicate that in the 20% w/w

chemical gel, the vast majority of the water molecules are
tightly bound to the polymer chains at the investigated
temperatures. At the same hydration, the physical gel is less
effective in binding the water in agreement with DSC results.
At higher water contents, i.e., 33% w/w, the cg and pg present
almost the same distribution of immobile/mobile water.
The Q-dependence of Γ/2 are shown in Figure 9. A clear

slowing down of the dynamics with respect to bulk water at the
same temperature, induced by the confinement, can be
identified, for example, by comparison with the work of
Teixeira et al. on translational diffusion of bulk water.59,60

Indeed, it was proposed that dynamics of the interfacial water,
confined within nanocavities or on the surface of biological
materials, resembles the dynamic behavior of bulk water at
temperatures lower by 20 K.61

The typical shape of the jump-diffusion can be observed: a
Q2 profile at low Q-values and a leveling off toward a plateau at
high Q’s. In this respect, it should be also noted that the

spectrum at the lowest Q-value in the pg20_w is extremely
noisy, and the derived fit parameters are not reliable. In
cg20_w, a large part of the water is immobile at the time scale
of the experiment. As a consequence, the visibility of the quasi-
elastic broadening with respect to the elastic line is very
reduced. Furthermore, QENS widths are found to be extremely
narrow, at the edge or below the resolution limit of the
instrument. At 270 K, almost exclusively elastic scattering is
observed. Although with a prominent contribution from the
elastic line, for the same sample at 300 K the mobile water
fraction is increased and the dynamics is faster, and it is
possible to recognize the jump-diffusion behavior.
Some general differences among the investigated systems

can be noted. The less hydrated hydrogels show a narrower
Lorentzian component, i.e., slower dynamics, for both cg and
pg. In the 30% w/w hydrated samples, the widths are overall
slightly larger for cg30_w. However, while at low temperatures
the differences among the samples are quite constant in the
entire Q range, at high temperatures the values are almost
identical at low Q and become larger for increasing Q, as
highlighted in Figure 10. Considering a jump-diffusion

mechanism, this suggests shorter residence times, τ, for the
chemical gel and different T-dependence of the residence time
and jump length, l, within the two systems. As opposed to the
higher hydrated samples, the widths of pg20_w are much
larger than those of cg20_w, both at low and high
temperatures.
In Figure 9, the lines are fits according to the well-

established jump-diffusion models of Singwi and Sjölander62

(SSM), Hall and Ross63 (HRM), and Chudley and Elliot64

(CEM), which are all parametrized in terms of τ and l.

Figure 8. <EISFw>Q as a function of T for the different investigated
pHEMA hydrogels.

Figure 9. Q-dependence of Γ/2. Lines refer to jump-diffusion models (see text): CEM (sold line), SSM (dashed line), HRM (dotted line); color
code for temperature follows that of symbols.

Figure 10. Difference of quasi-elastic widths between chemical and
physical gels at 30% w/w of hydration. ΔΓ/2 = Γ/2cg30_w − Γ/2pg30_w.
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However, whereas the CEM refers to a jump process with a
well-defined jump length, the SSM and HRM take a jump
length uncertainty into consideration, following exponential
and Gaussian distributions, respectively. More details on the
models are given in the Supporting Information. For both
cg30_w and pg30_w, the use of a distribution of jump lengths
seems to be needed, as SSM and HRM better approximate the
experimental data compared with the CEM. Conversely, the
CEM seems to be the most consistent to approximate the
experimental points for the 20% w/w hydrated systems. In the
following, we will therefore refer to values from the HRM and
SSM for the 30% w/w samples and CEM for the 20% w/w
samples. For completeness, the fit parameters obtained for the
different models and samples are reported in Tables S1 and S2
of the Supporting Information. A distribution of jump lengths
is usually employed to describe the diffusion of bulk water.59,60

In this respect, it is perhaps not surprising to observe an
analogous behavior in the higher hydrated materials. The
better agreement with a model based on a well-defined jump
length for the less hydrated materials conversely points toward
a higher degree of order when the number of water molecules
per hydroxyl group is about 2, likely due to the strong
interactions with the polymer. Such observations are in
agreement with the different fragility behavior for the different
hydrations, as previously discussed in the case of the polymer
mobility. The values of the (averaged) jump length l are overall
similar, around 3−4 Å (see Supporting Information for exact
values and uncertainties), with a slight increase at higher
temperature. In the cg30_w the T-dependence is less
pronounced than in the physical gels, possibly because a real
mesh, created by the cross-linker, is present only in the former
systems, whereas the structure of the physical gel likely evolves
more drastically with the temperature changes.
Figure 11 shows the values for the residence time, τ, (a) and

the diffusion coefficient, D, (b), calculated as D l
6

2
=

τ
. The

lines represent fits according to an Arrhenius law:

( )exp E
k T0
B

τ τ= − τ in (a), and ( )D D exp E
k T0

D

B
= −

in (b),

where Eτ and ED are activation energies for residence time
and diffusion coefficient, respectively, kB is the Boltzmann
constant, and τ0 and D0 are the high temperature limits for
residence time and diffusion coefficient. In general, diffusion
coefficients become larger as the temperature increases,
whereas residence times become smaller, as expected and in
agreement with previous studies on bulk59,60 and confined
water.27,38,51,65,66 We note here that diffusion in bulk water is
not an Arrhenius process,53 but in the limited temperature
range investigated here, the Arrhenius fit provides for water
hydrating pHEMA gels a reasonable approximation useful for
comparison with other systems. As already pointed out, at 30%
w/w of hydration the chemical gels show shorter residence
times than the physical gels. The difference between the τ
values obtained using the SSM or HRM model provides an
estimate of the experimental uncertainty. However, Eτ is the
same, within error bars, for both models, indicating the
robustness of this insight. The temperature dependence is
steeper (larger absolute values of Eτ) in cg30_w than in
pg30_w and τ0 is much smaller (see Table S3 in Supporting
Information); i.e., the attempt frequency for the jump, τ0

−1, is
higher for the chemical gels. Within the same type of gel, a
higher water concentration corresponds to shorter residence
times, closer to those of bulk water. The values of ED, ranging

from 0.11(1) eV [11(1) kJ/mol] to 0.18(1) eV [17(1) kJ/
mol], are similar to those obtained in other confined media
such as Vycor glass (0.12 eV [12 kJ/mol])66 or PVA hydrogels
(0.16(2) eV [15(2) kJ/mol]),27 and anyway comparable to
those of bulk water (∼0.2−0.26 eV [19−25 kJ/mol]),59,67

showing that water diffusion in pHEMA hydrogels remains an
H-bonding governed mechanism. Nevertheless, considering for
example the values at 300 K, where the signal is clearer
(because of a higher quasi-elastic to elastic ratio), the diffusion
coefficients are smaller and residence times are larger than the
values for water in confinement in both hard and soft media,
such as Vycor and PVA hydrogels,66,27 underlining a severely
reduced water mobility and strong interactions with the
pHEMA matrix.

■ CONCLUSIONS
Hydrogels with optimal release and confining properties, such
as HEMA based systems, are highly relevant for medical and
cultural heritage applications. The intimate comprehension of
transport phenomena in these systems constitutes a basis in the
fine-tuning of their delivery properties from a molecular point
of view. Quasi-elastic neutron scattering with contrast variation
was used to selectively investigate the dynamics of the polymer
network and the transport properties of the water confined
into the hydrogel matrix, and how such dynamics are affected
by temperature, cross-linker nature, and water content.
A distribution of relaxation processes was observed for the

polymer network, mainly associated with the side chain
dynamics. The dynamics is faster with increasing temperature
and hydration, the latter underlining the plasticizer role of the

Figure 11. Residence times (a) and diffusion coefficients (b). Lines
are fits according to Arrhenius law (solid lines for pg20_w, dashed
lines for pg30_w, dotted lines for cg30_w; color code according to the
different models used to derived τ[D] for the different samples, as in
the legend).
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solvent, which also leads to a more fragile behavior. In physical
gels, the relaxation is slower with a smaller portion of the space
explored than in the chemical equivalents, likely because of the
involvement of the side chains in the network formation. In
order to better discriminate the motions of the different part of
the polymer chain, further investigation could be extended to
selectively deuterated polymer segments, also combining
different dynamical ranges.
Regarding the hydration water, a very strong confining effect

imposed by the gel matrix was observed. The presence of a
fraction of water strongly associated with the polymer matrix
and immobile in the experimental time scale (up to few
nanoseconds), and a mobile fraction, was detected. The ratio
of the two fractions depends on T, hydration, and cross-linker
nature. The dynamics of the mobile fraction well agrees with
an H-bond governed process with activation energies on the
order of 0.11−0.18 eV and jump-diffusion mechanism. The
jumps lengths are on the order of 3−4 Å, and well-defined for
the less hydrated gels. For the 30% w/w hydrated gels a
distribution of jump lengths needs to be considered,
consistently with the plasticizer effect observed in the polymer
network dynamics. The diffusion coefficients increase and
residence times decrease with increasing temperature and
hydration. At 20% w/w hydration, the water mobility is
considerably higher in the physical gels, whereas at 30% w/w
the water mobilities are more similar between the physical and
chemical gels, although with slightly shorter residence times in
the second case.
Our approach represents a useful starting point for the

investigation of more sophisticated hydrogel systems.
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1 Polymer network EISF fitting parameters

The elasitc incoherent structure factor related to the H-atoms
of the polymer network, EISF(Q), was analysed according to
Eq. 14 and Eq. 15. Such equations represent the hypoth-
esis that the observed quasi-elastic broadening reflects only
the motion of the side-chain or to both the side-chain and the
methyl group, respectively (see text in the paper and Figure
5). In Figure S1, we report the weights of the different parts
of the polymer chain, as obtained from the fit parameters A
and B of Eq. 14 and Eq.15, and the dimension of the region of
space explored by the side-chain and the backbone, RSC and
RB, respectively. All the parameters are obtained from the fits
shown in Figure 5. The expected values on the basis of stoi-
chiometric or geometric considerations (dashed lines) are also
reported for comparison.

2 Jump-diffusion models

For the fit of the quasi-elastic broadening, we used the mod-
els developed by Chudley and Elliot (CEM) [S1], Singwi and
Sjölander (SSM) [S2], and Hall and Ross (HRM) [S3]. Such
models assume a diffusive motion via successive jumps. In
between two jumps, the particle rests on a given site for a res-
idence time τ .

In the CEM, the jump distance lCEM is a constant and the
corresponding half width at half maximum of the Lorentzian
quasi-elastic component is given by

Γ

2
=

h̄
τ

(
1− sin(QlCEM)

QlCEM

)
, (1)

In the SSM, the jump distance ρ(r) is exponentially dis-
tributed,

ρ(r) =
r
r2

0
exp
(
− r

r0

)
, (2)

and the broadening is given by

Γ

2
=

h̄
6τ

Q2l2
SSM

1+ Q2l2
SSM
6

, (3)

where l2
SSM is the mean square jump length, which is equal to∫

∞

0 r2ρ(r)dr = 6r2
0.

In the HRM, the jump distance is defined by a Gaussian
distribution,

ρ(r) =
2r2

r3
0 (2π)1/2 exp

(
− r2

2r2
0

) , (4)

and the broadening is given by

Γ

2
=

h̄
τ

[
1− exp

(
−Q2l2

HRM
6

)]
. (5)

The mean square jump length for this model, l2
HRM, is equal to∫

∞

0 r2ρ(r)dr = 3r2
0.

2.1 Jump-diffusion fit parameters

The residence times and jump lengths obtained by fitting the
quasi-elastic broadening using the CEM, SSM and HRM are
given in Tab. S1 and Tab. S2, respectively.

The residence times and the diffusion coefficients were fit-
ted according to an Arrhenius law (see paper, Figure 10). Ta-
ble S3 lists the derived activation energies and high tempera-
ture limits.

3 DSC thermograms

Figures S2 and S3 show the most representative DSC heating
scans for the pHEMA chemical and physical hydrogels.
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Fig. S1 Weights of the different parts of the polymer chain: a) backbone, b) side-chain, and c) methyl group. In d) and e), there are shown the
regions of space explored by the backbone and the side-chain, respectively. All the parameters are obtained from the fits shown in Figure 5 in
the paper and Eq. 14 and 15. Dashed lines represent the expected values on the basis of stoichiometric or geometric considerations. When not
visible, error bars are within the symbols.

CEM SSM HRM
270K 280K 290K 300K 270K 280K 290K 300K 270K 280K 290K 300K

cg20_w - - - 0.09(3) - - - 0.03(1) - - - 0.06(2)
cg30_w 0.061(3) 0.051(3) 0.047(3) 0.041(2) 0.037(3) 0.030(2) 0.028(2) 0.024(2) 0.049(3) 0.040(3) 0.037(2) 0.032(2)
pg20_w 0.099(3) 0.081(2) 0.072(2) 0.063(1) 0.062(3) 0.055(2) 0.050(3) 0.045(3) 0.079(3) 0.067(1) 0.060(2) 0.053(2)
pg30_w 0.065(3) 0.056(2) 0.050(2) 0.045(2) 0.036(3) 0.033(1) 0.030(2) 0.028(2) 0.049(3) 0.044(1) 0.039(1) 0.036(1)

Tab. S1 Residence times τ (in ns) obtained by fitting Γ

2 according to Eq. (1), (3), and (5).

lCEM lSSM lHRM

270K 280K 290K 300K 270K 280K 290K 300K 270K 280K 290K 300K
cg20_w - - - 2.4(4) - - - 1.5(4) - - - 1.9(4)
cg30_w 3.9(2) 3.9(2) 3.9(2) 4.1(2) 3.5(3) 3.4(2) 3.5(2) 3.6(2) 3.7(2) 3.6(2) 3.7(2) 3.8(2)
pg20_w 3.7(1) 4.0(1) 4.1(1) 4.25(9) 3.6(2) 4.1(2) 4.5(5) 4.7(6) 3.6(1) 4.0(1) 4.2(2) 4.3(3)
pg30_w 3.6(1) 3.9(1) 4.1(1) 4.3(1) 2.9(2) 3.3(1) 3.6(2) 3.9(3) 3.2(1) 3.6(1) 3.8(1) 4.1(1)

Tab. S2 Jump lengths (in Å) obtained by fitting Γ

2 according to Eq. (1), (3), and (5).
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Fig. S2 DSC heating scans representative of water melting in chemical hydrogels with 10 to 40 % water content. Curves are offset along the
y-axis for the sake of clarity.
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Fig. S3 DSC heating scans representative of water melting in physical hydrogels with 10 to 40 % water content. Curves are offset along the
y-axis for the sake of clarity.
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τ0 Eτ D0 ED
[ps] [eV] [10−3 cm2 s−1] [eV]

pg20_w (CEM) 1.5(5) -0.097(8) 2(1) 0.15(2)
pg30_w (SSM) 2.5(4) -0.062(4) 12(6) 0.18(1)
pg30_w(HRM) 2.0(2) -0.075(3) 6(2) 0.17(1)
cg30_w (SSM) 0.6(2) -0.09(1) 0.5(2) 0.11(1)
cg30_w (HRM) 0.9(3) -0.092(7) 0.5(2) 0.11(1)

Tab. S3 Activation energies and high temperature limits for residence
times and diffusion coefficients derived by Arrhenius law fits.

Note

Uncertainties and error bars represent one standard deviation.
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Abstract 

This paper reports a detailed physico-chemical characterization of different poly(2-hydroxyethyl 

methacrylate) (pHEMA) hydrogels by using a combination of several techniques to provide 

information on the nanoscale structure of the hydrogels (small angle X-ray scattering) and their 

hydration (differential scanning calorimetry and thermogravimetric analysis). The diffusive 

properties of these hydrogels are assessed measuring the diffusion coefficients of probes with 

different dimension and functionalities (fluorescein isothiocyanate and fluorescein isothiocyanate-

dextran) by means of confocal microscopy. In particular, we evaluate the effect of the amount of 

water, cross-linker percentage and composition (ethylene glycol dimethacrylates derivates) on the 

hydrogel properties. In addition, a new formulation of semi-interpenetrated pHEMA networks with 
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polyacrylic acid (PAA), referred as semi-IPN pHEMA/PAA, was developed and deeply 

investigated changing HEMA/PAA ratio. Our results indicate that the ratio of free to bound water 

in pHEMA hydrogels decreases increasing the amount of cross-linker, causing a lower mobility of 

the probes inside the polymeric network. In the case of semi-IPN hydrogels, the diffusion 

coefficients are strictly dependent on the PAA/HEMA ratio, decreasing with the increase of this 

ratio.  

Introduction 

Diffusion of solute molecules in hydrogels is of interest in a wide variety of applications, such as 

chromatography separation1, membrane separation2,3 and biomedical applications for 

encapsulation of cells or delivery of bioactive agents, due to the high biocompatibility of these 

materials4,5. Solute transport in hydrogels occurs mostly in the water-filled regions confined by 

polymer chains6. Thus, interactions between the solute and the gel network, due to  hydrodynamic 

friction, physical obstruction, electro-osmosis and specific binding4,7 cause slower diffusion than 

in bulk water. In particular, it is well known that solute diffusion decreases with increasing solute 

size8 and decreasing the water fraction of the gel9. Furthermore, the cross linking process occurring 

during gelation brings to the formation of a 3D network with a characteristic mesh size, which 

plays a primary role in the diffusion process if the solute size is comparable to the mean mesh size 

of the gel10. Previous studies proved that the release of a macromolecular drug from an hydrogel 

can be controlled regulating the pore volume fraction and the pore size by changing the 

composition of the polymeric network and the amount of the cross-linker11. 

There are several theoretical models which attempt to describe diffusion processes in gels12. The 

free volume theory describes the change in the diffusion rate as a function of the average free 
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volume13; the obstruction considers the gel strands as fixed and impenetrable segments immersed 

in a solution14; the hydrodynamic assumes that the solute moves at a constant velocity in a 

continuum media and it is hindered by the frictional forces of the gel strands. Other approaches 

are developed combining these different theories4, but the heterogeneity of the gel and the solute 

dimension are not considered in all of these models. To fill the gap, the aim of this work is the 

comprehension of the diffusion properties of different solute molecules in hydrogels with different 

chemical composition in order to assess a correlation between the hydrogels structure and the 

diffusion coefficient of the solute. 

In particular, we focus on poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogels, widely used 

as biomaterials thanks to the similarity with living tissues15. These materials have been used or 

proposed as drug delivery systems16 and for several biomedical applications, such as contact 

lenses17, corneal replacement18, synthetic dural prosthesis19, artificial skin20 and articulating surface 

for joint prosthesis21. The high resistance to enzymatic digestion and their inertness is reflected in 

the unwillingness of normal cells to attach themselves to their surfaces and to grow on them22, 

important properties that make pHEMA hydrogels suitable for medical use. Another advantage is 

the high hydrophilicity, even if this feature may lead to poor mechanical strength23, limiting their 

use in practical applications. In order to improve the chemical and mechanical properties of these 

gels24 a variety of co-monomers or polymers can be incorporated into the pHEMA network leading 

to formation of an interpenetrated (IPN) or a semi-interpenetrated (semi-IPN) polymeric network. 

There are several works that report different kinds of IPN and semi-IPN hydrogels with better 

capabilities of storing water and improved mechanical properties. For example, IPN 

pHEMA/poly(2-methacryloyloxyethyl phosphorylcholine) hydrogels exhibit enhanced tensile 

strength compared with the pHEMA classical hydrogel, due to the presence of a cross-linked 
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poly(2-methacryloyloxyethyl phosphorylcholine) network entrapped within the pHEMA, resulting 

in an effective transfer of stress between the two polymer networks in the IPN25. Another study 

demonstrated that p(HEMA-co-sodium methacrylate)/chitosan and pHEMA/chitosan semi-IPN 

hydrogels have higher tensile and compressive moduli than classical pHEMA, which increase with 

the molecular weight of chitosan26. This behaviour can be related to the increasing of the junction 

points between HEMA and chitosan chains.  

Other studies report the use of different kinds and amounts of cross-linkers to tune the water 

content and the mechanical strength of the polymeric network. Han et al. 26 investigate p(HEMA-

co-sodium methacrylate)/chitosan and pHEMA/chitosan semi-IPN hydrogels demonstrating that 

the polymeric networks with poly(ethylene glycol) diacrylate as crosslinker show much higher 

water content and lower tensile strength than those with ethylene glycol dimethacrylate. These 

properties are directly correlated to the length of cross-linker chain. Garcìa et al.27 demonstrated 

that in poly(2-hydroxyethyl methacrylate-co-acrylamide) hydrogels the increase of crosslinker 

percentage leads to a densely crosslinked matrices that do not expand in water as much as 

hydrogels with lower crosslinking degree.  

To the best of our knowledge, only classical “copolymer hydrogels” (pHEMA/PAA) have been 

synthesized, but they have usually quite different characteristics from those resulting from the sum 

of single homopolymer properties28. Thus, since semi-IPNs are based on polymer blends in which 

linear or branched polymers are embedded into a polymer networks during the polymerization 

reaction, without any chemical interaction between them, the obtained hydrogel should be present 

properties similar to the average of the single homopolymer properties29. 
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Therefore, in this work pHEMA hydrogels with various cross-linker/HEMA ratios and two 

different cross-linking agents, ethylene glycol dimethacrylate (EGDMA) and poly(ethylene glycol 

dimethacrylate) (PGD) were prepared to evaluate the effect of the amount and the chemical nature 

of the cross-linker on the water content of the gel and on the diffusional behaviour of solute 

molecules. In addition, a new formulation of semi-IPN pHEMA/polyacrylic acid (PAA) hydrogel 

were synthesized and fully characterized to understand the influence of PAA on the physico-

chemical properties of the gels. 

The internal structure of all the prepared systems was investigated by means of small angle X-ray 

scattering (SAXS) in order to evaluate the mean mesh size and the inhomogeneity of the network. 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were employed 

to study the hydration level and the properties of water entrapped in the polymeric network. 

Finally, fluorescence recovery after photobleaching (FRAP) experiments were performed to 

calculate the diffusion coefficient of probes with different dimension inside the polymeric network. 

All these results, taken together, provide a complete description of the relationship between the 

structure and the hydration of the hydrogels with the diffusion properties of hydrophilic molecules.  

Experimental section 

Materials. 2-Hydroxyethyl methacrylate (HEMA) (purity 99%), poly(acrylic acid) (PAA) 

(average Mn ≈ 450 kDa), azoisobutyronitrile (AIBN) (purity 98%), ethylene glycol dimethacrylate 

(EGDMA) (purity 98%), poly(ethylene glycol dimethacrylate) (PGD) (average Mn ≈ 550 Da), 

fluorescein isothiocyanate (FITC) and fluorescein isothiocyanate-dextran (FITC-dextran) with 
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dextran Mw of 4, 40 and 250 kDa were obtained from Sigma-Aldrich and used as received. Water 

was purified by a Millipore Milli-Q gradient system (resistivity >18 MΩ·cm).  

Hydrogels synthesis. Classical pHEMA hydrogels were synthesized by adding HEMA monomer 

to various cross-linker concentrations. The solution was bubbled with N2, then an aqueous solution 

of AIBN initiator, previously degassed, was added. The mixture was transferred between two 

glassy covers, in which the polymerization reaction was carried out at 60°C for 4 hours. After the 

reaction, 1 mm thick flat transparent hydrogel films were obtained. The films were washed and 

placed in containers filled with water, which was renewed once a day for 7 days in order to remove 

unreacted monomers. The ratio HEMA/water was kept equal to 3:2 in all the prepared hydrogels, 

while the kind and the amount of cross-linker change. The structure of the two different cross-

linking agents used in this work is reported in Figure S1 in SI (section S1). Table 1 shows the 

amount and the kind of cross-linker used for the different hydrogels. 

 

 

 

 

 

 

 

 

sample cross-linker cross-linker/HEMA 
molar ratio (*10-3) 

H0  - 0 

HE A EGDMA 13.1 

HP A  PGD 13.1 

HP F PGD 10.0 

HE B EGDMA 6.6 

HP G PGD 5.0 

HE C EGDMA 3.3 

HE D EGDMA 1.6 

HP D PGD 1.6 

HE E EGDMA 0.8 
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Table 1. Chemical nature and amount of cross-linker used in the preparation of classical pHEMA 

hydrogels. 

To prepare the semi-IPN hydrogels, an aqueous solution of poly acrylic acid (PAA) was added to 

a solution of EGDMA/HEMA molar ratio 0.006:1, AIBN and water before polymerization. The 

mixture, after sonication and degassing, was transferred between two glassy covers, and 

polymerized at 60°C for 4 hours. After the reaction, 1 mm thick flat transparent hydrogel films 

were obtained. In order to remove any residue of unreacted monomers and free PAA molecules, 

the hydrogels were washed with water once a day for 7 days. 

In particular, different semi-IPN hydrogels were obtained by varying the ratio HEMA/PAA and 

the amount of water. Table 2 shows the composition of the different prepared semi-IPN networks. 

sample HEMA wt% H2O wt% PAA wt% OH/COOH ratio 

s-IPN60 8:1  36 60 3 8:1 

s-IPN50 8:1  46 50 3 8:1 

s-IPN38 8:1  57 38 4 8:1 

s-IPN38 4:1  53,5 38 7,5 4:1 

s-IPN38 2:1  48 38 13 2:1 

Table 2. Composition of semi-IPN pHEMA/PAA hydrogels. The OH/COOH ratio outlines the 

number of HEMA hydroxyl groups for each PAA carboxyl group. 

It is noteworthy that, at macroscopic level, there are some differences between the semi-IPN 

hydrogels: in particular, the systems with water content higher than 38% are not transparent, as 

shown in Figure 1. 
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Figure 1. s-IPN 8:1 hydrogels containing different amounts of water (from top: 60 wt%, 50 wt% 

and 38 wt%). 

 Hydrogel loading with probes. Small pieces (1x1x0.1 cm3) of the different hydrogels were 

loaded with fluorescent molecules of different dimension: fluoresceine isothiocyanate FITC 

(hydrodynamic radius = 0.54 nm30), FITC-dextran 4 kDa (hydrodynamic radius = 1.4 nm31) and 

FITC-dextran 40 kDa (hydrodynamic radius = 4.5 nm31). The samples were incubated in 1∙10-4 M 

water solutions of the different probes at least for two days. The concentration of FITC and FITC-

dextran solutions was chosen in order to obtain a linear relationship between the fluorescence 

signal of the probe and its concentration, as verified by Braeckmans et al.32. 
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 Physicochemical characterization of hydrogels. Thermogravimetric analysis (TGA) was 

carried out with SDT Q600 (TA Instruments) that works in the range from room temperature to 

1500 °C and the balance sensitivity is 0.1 μg with respect to the weight change in the sample. 

Measurements were performed in a nitrogen atmosphere with a flow rate of 100 mL/min. The 

samples were put into an alumina open pan and the analysis were performed with a heating rate of 

10 °C/min from 25 °C to 250 °C33. The equilibrium water content (EWC) was calculated as 

followed (Eq. 1): 

𝐸𝑊𝐶 = &'&(
&

                                                    (1) 

where W is the weight of the hydrated sample and Wd the weight of the dry sample. The values of 

Wd  are experimentally determined from TGA analysis, considering the weight of the sample at 

250 °C. 

Differential scanning calorimetry analysis (DSC) was performed with a Q2000 Calorimeter (TA 

Instruments). The temperature range was from -60 °C to 30 °C with a scan rate of 2 °C/min; sealed 

stainless steel pans were used. Water in porous systems like gels can be classified as non-freezing 

bound water and free or bulk water34. The non-freezing water forms hydrogen bonds with the 

functional groups of the polymer, rather than with other water molecules, as would be necessary 

for the water to freeze; instead, the bulk water has the same properties of the pure water and for 

this reason can bind with other water molecules to form ice crystals when the temperature is around 

0°C. From DSC curves it is possible to determine the different types of water present in the 

hydrogels35. 

The fraction of free water Cfree was calculated as follow36 (Eq. 2): 
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𝐶)*++ =
,-./
,-0

                                                        (2) 

where ΔHtr (J/g) is the heat of transition obtained by the integral of DSC curves between -20°C 

and 10 °C and ΔHf is the theoretical value of the specific enthalpy of fusion of water at 0 °C (333,6 

J/g37). The fraction of bound water (Cbound) was calculated from the difference between the 

equilibrium water content (EWC), determined from TGA, and the free water fraction (Cfree), 

obtained from DSC (Eq. 3). 

𝐶12345 = 𝐸𝑊𝐶 − 𝐶)*++                                                  (3) 

Small angle x-ray scattering analysis (SAXS) were carried out with a HECUS S3-MICRO 

SWAXS camera, equipped with a Hecus System3 2D-point collimator and two position-sensitive 

detectors (PSD-50M) containing 1024 channels with a width of 54 microns. The copper anode 

from the Oxford 50 W microfocus source emits radiation with the wavelength of the Kα-line given 

by λ= 1.542 Å. The Kβ-line is removed by FOX-3D single-bounce multilayer point focussing 

optics (Xenocs, Grenoble). The voltage is generated by the GeniX X-ray generator (Xenocs, 

Grenoble). The sample-to-detector distance was 281 mm. The volume between sample and 

detector was kept under vacuum in order to minimize the scattering from the air. This camera was 

calibrated in the small angle region using silver behenate, which is known to have a well-defined 

lamellar structure (d = 58.38 Å)38. Scattering curves were acquired in the q-range between 0.01 

and 0.55 Å-1. Samples were placed into demountable cells, with kapton film used as windows. The 

temperature control was set to 25°C by a Peltier element, with an accuracy of ± 0.1 °C. All the 

scattering curves were corrected for the empty cell and water contribution considering the relative 

transmission factors. In the case of classical pHEMA hydrogels, the scattering curves can be 

analyzed using the Ornstein-Zernike model40 while in the case semi-IPN pHEMA gels, an another 
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term which takes into account the solid-like inhomogeneities42 was added. Details about these 

functions were reported in SI file section S1. 

Fluorescence spectroscopy was performed with a laser scanning confocal microscope Leica TCS 

SP2 (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a 10× water immersion 

objective. The 488 nm Ar+ laser line was used for the excitation of the FITC and FITC-dextran 

fluorophores and the emitted fluorescence was acquired between 498 and 600 nm in the 

microscope’s xyλ scan mode using a photomultiplier (PMT) detector.  

Fluorescence recovery after photobleaching (FRAP) experiments were carried out using 10 serial 

laser pulses (∆t=1.625 sec, power = 4 mW, Ar+ lines at 458, 476 and 488 nm) focused on a circular 

spot (FRAP ROI) with a diameter of 35 μm. The diameter and the shape of the spot has been 

chosen in order to obtain diffusion coefficients independent from the geometry of the bleach region 

as reported in the work of Braeckmans et al.32. The fluorescence intensity in the FRAP ROI was 

normalized with respect to the fluorescence intensity of the background measured in a circular 

reference ROI with the same shape and dimension. The FRAP curves can be described with a 

model proposed by Soumpasis39; all the details are reported in the SI file (Section S2). 

3 RESULTS AND DISCUSSION 

Structural characterization. SAXS analysis gives information about the nanostructure of 

pHEMA hydrogels. Figure 2 shows the SAXS curves of HE and HP hydrogels, after subtraction 

of water and cell contribution along with the best fit using the Ornstein-Zernike model (red lines).  
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Figure 2. SAXS curves of HE (left) and HP (right) hydrogels. Fitting curves are reported as 

continuous lines together with the experimental data (empty markers). The reported curves are 

offset along y-axes for clarity.  

The fitting parameters of SAXS curves for HE and HP hydrogels are reported in Table 3.  

 
Isol(0) ζ (nm) Bkg 

H0 0.74 ± 0.01 0.6 ± 0.1 0.13 ± 0.01 

HE A 1.39 ± 0.01 0.6 ± 0.1 0.11 ± 0.01 

HE B 1.45 ± 0.01 0.7 ± 0.1 0.11 ± 0.01 

HE D 1.26 ± 0.01 0.6 ± 0.1 0.12 ± 0.01 

HE E 0.86 ± 0.01 0.7 ± 0.1 0.10 ± 0.01 

HP A 0.60 ± 0.01 0.7 ± 0.1 0.13 ± 0.01 

HP D 0.77 ± 0.01 0.8 ± 0.1 0.13 ± 0.01 

Table 3. Fitting parameters obtained from the SAXS curves of HE and HP hydrogels. 

Considering that the resolution of the experiment is about 5 Å, we are not able to distinguish 

differences between the investigated hydrogels in terms of correlation length. Thus, an increase in 

the cross-linker concentration does not affect the mesh size. This is consistent with the study of T. 
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Kanaya et al., in which they demonstrate that in a semi-dilute solutions of polymer the cross-

linking does not change the structure because the polymer chains are overlapped each other before 

cross-linking41. 

Figure 3 shows the SAXS curves obtained for pHEMA/PAA hydrogels, after subtraction of water 

and cell contribution. The fitting parameters are reported in Table 4. 

  

Figure 3. SAXS curves of pHEMA/PAA hydrogels. Fitting curves are reported as continuous lines 

together with the experimental data (empty markers). The reported curves are offset along y-axes 

for clarity. 

 Isol(0) ζ (nm) a (nm) Iex(0) bkg 

s-IPN60 8:1  0.70 ± 0.02 1.7 ± 0.1 9.6 ± 0.2 75.9 ± 4.5 0.09 ± 0.01 

s-IPN50 8:1  0.90 ± 0.02 0.8 ± 0.3 6.9 ± 0.5 36.9 ± 2.1 0.18 ± 0.01 

s-IPN38 8:1  0.45 ± 0.11 0.7 ± 0.1 - - 0.18 ± 0.01 

s-IPN38 4:1  0.45 ± 0.8 1.0 ± 0.1 14.5 ± 0.1 563.6 ± 0.1 0.21 ± 0.01 

s-IPN38 2:1  0.80 ± 0.01 0.7 ± 0.2 6.3 ± 0.6 3.9 ± 0.8 0.16 ± 0.01 

Table 4. Parameters obtained from the fitting of pHEMA/PAA semi-IPN hydrogels. 
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Considering s-IPN 8:1 series, samples containing 50% and 60 wt% of water show a rapid increase 

of the intensity at low q values, especially in the case of s-IPN60 8:1. On the contrary, the hydrogel 

s-IPN38 8:1 doesn't exhibit any scattering excess at low q values. As a consequence, the calculated 

inhomogeneity value is about 9.6 nm and 6.9 nm for s-IPN60 8:1 and s-IPN50 8:1 respectively, 

while the hydrogel with 38% of water does not have any appreciable inhomogeneity. The 

correlation length value is 1.7 nm for the s-IPN60 8:1, while in the other two systems the values 

are 0.8 nm (s-IPN60 8:1) and 0.7 nm (s-IPN60 8:1). A bigger average mesh size for the hydrogel 

with the highest water content is in agreement with other systems in which it was proved that the 

correlation length is inversely proportional to the water content[5]. 

In pHEMA/PAA 38% series, s-IPN38 4:1 shows a rapid rising of the intensity at low q values, s-

IPN38 2:1 exhibits only a slightly rising in this q range, while s-IPN38 8:1 does not show any 

scattering excess. Concerning the average mesh size, the highest value was found for the s-IPN38 

4:1 (around 1.0 nm), while s-IPN38 8:1 and s-IPN38 2:1 have comparable mesh size (0.7 nm). 

Water in hydrogels. The study of the amount and the different types of water in hydrogels gives 

valuable information on the absorption, diffusion and permeation properties of these hydrophilic 

materials. The equilibrium water content (EWC %) increases decreasing the percentage of cross-

linking agent in the different hydrogels according to an exponential decay (see Figure 4).  
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Figure 4. Equilibrium water content as a function of the amount of cross-linking agent in classical 

pHEMA hydrogels. 

This trend can be explained considering the polar nature of the different portions of the polymer 

network which can be described using the water/n-octanol partition coefficients cLogP44 (data 

obtained from DataWarrior software45). In particular, HEMA fragments are the more polar 

components of the polymer network (cLogP: 0.48) while the water affinity decreases for the cross-

linker molecules (cLogP PGD: 1.10; cLogP EGDMA: 1.84). For this reason, the EWC% decreases 

moving from the hydrogel H0, containing just HEMA monomers, to the other hydrogels containing 

increasing amounts of cross-linker. It is worth noting that, despite the higher water affinity, the 

hydrogel with PGD shows the lower amount of EWC % with respect to the hydrogel with 

EGDMA. This can be explained considering the different dimension of these molecules (see 

Figure S1 in SI file): PGD fragments occupy a bigger amount of polymer network with respect to 
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the EGDMA fragments (n=9 vs n=1) so the relative amount of HEMA fragments, the most polar 

components, is lower in the PGD hydrogels. 

About the semi-IPN pHEMA/PAA hydrogels, the water content is almost the same in 

pHEMA/PAA 38% series and it corresponds to the amount of water used during the synthesis. On 

the contrary, considering pHEMA/PAA 8:1 series, the water content shows small discrepancies 

from the water amount used for the synthesis. In particular, in s-IPN50 and s-IPN60 the EWC are 

about 8% and 5% less than the amount used during the synthesis. The details about the obtained 

EWC % are reported in the SI file Table S1.  

DSC technique is employed to determine the different types of water; in particular, Cfree, which 

corresponds to the bulk-like water and the loosely bound water present in the hydrogels, is an 

important parameter that accounts for the retention and diffusive properties of a hydrogel46. 

Figure 5 shows DSC thermograms of the classical pHEMA hydrogels. Table S2 in the SI reports 

details about the melting enthalpy and the calculated values of Cfree and Cbound. 
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Figure 5. DSC thermograms of classical pHEMA hydrogels. The reported curves are offset along 

y-axis for clarity (y-offset: 0.6 W/g). 

In HE and in HP hydrogels, the ratio between free water and bound water decreases substantially 

increasing the percentage of cross-linker, consisting with a higher number of hydrogen bond 

acceptor groups that can interact and bind water molecules (Figure 6). Moreover, comparing 

pHEMA/PGD and pHEMA/EGDMA networks with the same amount of cross-linking agent, 

Cfree/Cbound ratio is much higher in HP than in HE: this can be probably related to the fact that PGD 

has a longer chain with respect to EGDMA. This leads to a higher mobility of the polymeric 

network and, consequently, to less friction between water molecules and polymer chains. Finally, 

DSC thermograms reported in Figure 5 show that, increasing the percentage of the cross-linker, 

the freezing peak broadens until two distinct peaks appear in the hydrogel with 2% of cross-linker. 

The second peak at lower temperature can be related to loosely bound water, which usually refers 



 18 

to water molecules interacting with the polar groups of the network only through hydrogen bonds. 

This contribution becomes more important for samples containing high percentage of cross-linker 

because of the formation of a compact network and/or because of an increase of the polar groups 

in the network that can interact with water. 

 

Figure 6. FWI/BWI in pHEMA hydrogels with EGDMA (blue) and PGD (green) as a function of 

hydrogen bond acceptor groups. 

Regarding to semi-IPN pHEMA/PAA hydrogels, DSC thermograms and the calculated values of 

Cfree and Cbound are reported in Figure 7 and Table S3 (in SI, section S4), respectively. 
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Figure 7. DSC thermograms of semi-IPN pHEMA/PAA hydrogels. The reported curves are offset 

along y-axis for clarity. 

s-IPN60 8:1 and s-IPN50 8:1 curves (Figure 7) show only one broad peak; on the contrary, in 

pHEMA/PAA 38% series, it is possible to distinguish two different peaks, with the mainly of these 

related to bulk like water and the other one at lower temperature related to the loosely bound water. 

Considering pHEMA/PAA 8:1 series, the network with 60% of water has the higher Cfree/Cbound 

ratio since a larger amount of water was used during the synthesis. On the contrary, in 

pHEMA/PAA 38% series, there are no appreciable differences of the Cfree/Cbound ratio. Furthermore, 

the Cfree/Cbound value is similar to that obtained for HE B, which has the same composition of the 

semi-IPN gels except for the absence of PAA. We can conclude that the presence of PAA trapped 

into the polymer network does not influence the free water fraction since PAA has almost the same 

capability of pHEMA to interact with water molecules.  Therefore, the only parameter that can be 
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changed to modify the retention properties of hydrogels seems to be the percentage of cross-linking 

agent. 

Diffusional properties of hydrophilic molecules inside hydrogels. pHEMA hydrogels, 

incubated with FITC (hydrodynamic radius = 0,54 nm30), FITC-dextran 4 kDa (hydrodynamic 

radius = 1,4 nm31) and FITC-dextran 40 kDa (hydrodynamic radius = 4,5 nm31), were analysed 

with confocal laser scanning microscopy to evaluate the diffusion coefficients and the possible 

interactions of these hydrophilic molecules with the networks.  

In order to determine the diffusion coefficients of the hydrophilic solutes, FRAP experiments were 

performed. As an example, the FRAP curve of HE D hydrogel, loaded with FITC, is reported in 

Figure 8, while the FRAP curves of the other hydrogels and all the fitting parameters are reported 

in SI Section S5.  

 

Figure 8. FRAP curve (markers) of HE D hydrogel loaded with FITC and its respective fitting 

(continuous line). 

The obtained diffusion coefficients values, calculated from the FRAP curves performed on the 

hydrogels, ranging from 0.392 to 0.091 µm2/s (details of the values are reported in table S4 in SI) 
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and they decrease increasing the percentage of the cross-linking agent. These values are about 

three orders of magnitude lower than the FITC in water. In particular, the diffusion coefficient of 

FITC decreases of about 5% from H0 to HE E and 64% from H0 to HE D. The lowest diffusion 

coefficient value is measured in HE A containing the highest amount of cross-linker. We observe 

the same trend in the HP series but, comparing the values of D with those obtained for HE with 

the same amount of cross-linking agent, the motion of the probe is faster in HP networks. This can 

be explained considering that PGD has a longer chain with respect to EGDMA and this leads to a 

higher mobility of the polymeric network. 

The FITC diffusion coefficients could be compared to the ratio between free and bound water. It 

is possible to note that probe mobility becomes higher increasing Cfree/Cbound ratio, with a trend that 

seems to follow a sigmoidal function (Figure 9). In this regard, the diffusion process, which is 

mediated by the free water fraction, seems to be completely activated only after the Cfree/Cbound ratio 

reaches the unity.  
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Figure 9. Trend of FITC diffusion coefficients as a function of the ratio between free and bound 

water in classical pHEMA hydrogels. 

In the case of the other hydrophilic probes, i.e. FITC-dextran, confocal microscopy reveals that, 

differently from FITC, they do not enter into any of classical pHEMA hydrogels. In fact, in the 

case of FITC, the green fluorescence of the probe is evident both in solution and in the polymeric 

network (Figure 10A), while, in the case of FITC-dextran 4 kDa, the green fluorophore is confined 

only in solution (Figure 10B). 

 

Figure 10. Confocal microscopy horizontal sections of HE D hydrogels loaded with aqueous 

solutions of FITC (A) and FITC-dextran 4 kDa (B).   

Fluorescence measurements were performed in order to investigate the possible interactions 

between the fluorophore and the polymeric network. The protolytic constants of FITC relating the 

chemical activities of the cation, neutral, anion and dianion forms are pK1= 2.08, pK2= 4.31 and 

pK3=6.43, respectively47 (see Figure S5 in SI).  
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Figure 11 shows the fluorescence spectra of FITC measured in the solution in equilibrium with the 

hydrogels and inside classical pHEMA hydrogels. 

  

Figure 11. Fluorescence spectra of FITC in solution and in H0, HE D and HP D hydrogels. All 

data are normalized at 520 nm. 

Since the pH value of the solution in equilibrium with the hydrogels is around 6.7, the fluorescence 

spectrum of FITC in solution presents an emission spectrum with one peak with a maximum at 

520 nm, ascribable to the presence of the dianionic form of the FITC as reported by Sjoback et 

al.48. 

On the contrary, FITC spectra in H0, HE and HP networks show two broaden peaks, one centred 

at 520 nm, the other around 550 nm ascribable to the presence of FITC molecules in the mono-

anionic form48, due to the formation of hydrogen bonds between hydroxyl and carboxyl groups of 

fluorescein and hydroxyl groups of HEMA.  
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The mobility of the fluorescent molecules in the polymeric network of semi-IPN pHEMA/PAA 

hydrogels was evaluated by means of FRAP experiment (see Table S5 in the SI, section S6). 

The diffusion coefficients of the probes in water are about four orders of magnitude higher than 

that calculated from the fitting of FRAP curves performed on pHEMA/PAA networks. This is a 

clear evidence of the confinement of the liquid phase inside the polymeric network. Comparing 

the diffusion coefficients of the different probe in the same hydrogel, we observe that it decreases 

of about one order of magnitude from FITC to FITC-dextran 4 kDa and FITC-dextran 40 kDa, 

according to an increase of the molecular dimension. In particular, FITC-dextran 40 kDa can enter 

only into s-IPN60 8:1 network since the mean mesh size of this network is higher than the others, 

as seen by SAXS experiments. Examining the diffusion of the same probe in the different 

networks, the calculated diffusion coefficients decrease with increasing the water content of the 

hydrogels, except in the case of FITC-dextran 4kDa, which diffuses faster in s-IPN50 8:1 than in 

s-IPN60 8:1 (Figure 13).  
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Figure 13. Diffusion coefficients of FITC (pink column), FITC-dextran 4 kDa (violet column) and 

FITC-dextran 40kDa (light blue column) in semi-IPN pHEMA/PAA hydrogels. 

As in the case of classical pHEMA hydrogels, the fluorescence spectra of FITC were measured in 

the solution in equilibrium with the hydrogels and inside the polymeric network to assess possible 

interactions between the probe and the gel structure (Figure 14). 

 

 

Figure 14: Fluorescence spectra of FITC in solution and in semi-IPN pHEMA/PAA hydrogels. 

All data are normalized at 520 nm. 

As in the case of classical pHEMA networks, the fluorescence spectrum of FITC in the solution 

in equilibrium with the gel shows two peaks, one with a maximum at 520 nm, and the other, less 

intense, around 550 nm. This is consistent with the fact that the pH of the solution is about 5.2, so 

FITC is mainly present as anion. In the fluorescence spectra acquired on FITC loaded in 

pHEMA/PAA networks, we observe the same two peaks. In particular, considering pHEMA/PAA 

8:1 series, the peak centred at 550 nm becomes more intense decreasing the water content of the 

0.9

0.8

0.7

0.6

0.5

0.4

0.3

 F
lu

o
re

sc
en

ce
 In

te
n

si
ty

 (
a.

u
.)

600580560540520
 λ (nm)

FITC emission in:
 Solution
 s-IPN60 8:1 
 s-IPN50 8:1 
 s-IPN38 8:1 
 s-IPN38 4:1 
 s-IPN38 2:1 



 26 

gel. In fact, in the hydrogels with lower water content, the probe interacts strongly with the network 

through hydrogen bonds between hydroxyl and carboxyl groups of fluorescein and hydroxylic and 

carboxylic groups of pHEMA and PAA, shifting the equilibrium to the anionic form of FITC. The 

same trend is observed increasing the amount of PAA, keeping constant the water content (from 

s-IPN38 8:1 to s-IPN38 2:1).  

Conclusions 

In this paper, we reported the synthesis and the characterization of classic pHEMA and semi-

interpenetrating pHEMA/PAA hydrogels with different cross-linker/monomer ratio. These 

differences affect the network structure and the diffusional properties of the hydrogels. 

Considering pHEMA hydrogels, an increasing of cross-linker percentage doesn’t seem to have a 

significant influence on the nanoscale structure of the polymeric network, but causes a decrease of 

the free/bound water ratio and the diffusion of FITC inside the hydrogels. A sigmoidal trend of D 

vs Cfree/Cbound indicates that the diffusion becomes completely activated only when the hydrogel 

reaches a water-percolated state. 

In the case of semi-IPN pHEMA/PAA hydrogels, SAXS analysis reveals the existence of solid-

like inhomogeneity and, as regards pHEMA/PAA 8:1 series, FITC and FITC dextran 4 kDa can 

enter into all these three hydrogels, while FITC-dextran 40 kDa can penetrate only the network 

with 60% H2O. In the case of s-IPN38 4:1 and s-IPN38 2:1, it was possible to establish that FITC, 

FITC-dextran 4 kDa and FITC-dextran 40 kDa can diffuse into both networks. The diffusion 

coefficients increase with the water content and with the decrease of the amount of PAA, as the 

result of a lower interaction between the probes and the polymeric network. 
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Supporting Information 

S1. Cross-linkers:  molecular structure 

 

Figure S1. Molecular structure of the cross-linkers: n=1 for EGDMA molecules while n = 9 for 

PGD molecules (PGD Mw =550 Da). 

 

S2. SAXS models 

In the case of classical pHEMA hydrogels, the scattering curves can be analyzed using the 

Ornstein-Zernike equation (Eq. 1), q-dependent, plus an instrumental flat background, bkg1. 

𝐼"#$(𝑞) =
)*+,(-)
./0121

+ 𝑏𝑘𝑔                                              (1) 

where Ilor(0) is the scattering intensity at q = 0, dependent from the contrast between the polymer 

and the solvent and from the volume fraction of the polymer in the gel, and ζ is the characteristic 

average mesh size (or correlation length) of the network. 

Concerning the semi-IPN pHEMA networks, the Ornstein-Zernicke equation is not enough to 

describe the scattering curves, thus it is necessary to add another term (Eq. 2) in order to take 

into account the deviations from the ideal case, usually related to solid-like inhomogeneities2: 

O
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𝐼78(𝑞) =
)9:(-)

(./;121)1
                                                 (2) 

where Iex(0) represents the excess intensity at q = 0 and a is the length scale that characterizes gel 

inhomogeneities. Therefore, the obtained SAXS profiles can be described by the Debye-Bueche 

equation3 (Eq. 3): 

𝐼(𝑞) = 𝐼"#$(𝑞) + 𝐼78(𝑞) + 𝑏𝑘𝑔                                      (3) 

S3. FRAP analysis:  Soumpasis model 

The FRAP curves can be described with a model proposed by Soumpasis4 (Eq. 4), that implies a 

diffusion-limited fluorescence recovery: 

𝑓(𝑡) = 𝑎- + 𝑎.𝑒
1@A

BCBD*9EFG H𝐼- I
JKA

LMLD*9EFG
N + 𝐼. I

JKA
LMLD*9EFG

NO                 (4) 

where a0, a1 are two normalizing coefficients introduced to account respectively for the non-zero 

intensity at the bleach moment and the incomplete recovery, tbleach is the bleach time, τD is the 

characteristic timescale for diffusion, I0, I1 are the modified Bessel functions of the zero and first 

order (Eq. 5): 

𝐼P(𝑥) =
.
R ∫ 𝑒𝑥𝑝(𝑥 ∙ 𝑐𝑜𝑠𝜃)R

- ∙ 𝑐𝑜𝑠(𝛼𝜃)𝑑𝜃 − ∫ 𝑒𝑥𝑝(−𝑥 ∙ 𝑐𝑜𝑠ℎ𝑡 − 𝛼𝑡)𝑑𝑡^
-        (5) 

where α is 0 for the zero order function and 1 for the first order function, while x is defined as 

follow (Eq.6):  

𝑥 = JKA
(LMLD*9EFG)

                                                     (6) 
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The diffusion coefficient for a bleach spot of radius w can be calculated from τD according to 

Eq.7: 

𝜏` =
a1

b`
                                                              (7) 

S4. Thermal analysis 

 EWC % 

s-IPN60 8:1  54.5 ± 0.5 

s-IPN50 8:1  42.4 ± 0.4 

s-IPN38 8:1  38.8 ± 0.4 

s-IPN38 4:1  37.7 ± 0.4 

s-IPN38 2:1  37.5 ± 0.4 

Table S1. Equilibrium water content % of semi-IPN pHEMA/PAA hydrogels. 

 

 
ΔHtr (J/g) Cfree Cbound Cfree/Cbound 

HE A 53.2 0.16 0.26 0.61 

HE B 63.7 0.19 0.22 0.86 

HE C 64.4 0.19 0.24 0.79 

HE D 67.6 0.20 0.20 1.00 

HE E 75.9 0.23 0.22 1.04 

H0 78.9 0.24 0.20 1.20 
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HP A 62.0 0.19 0.23 0.83 

HP F 62.1 0.19 0.21 0.90 

HP G 65.4 0.20 0.20 0.96 

HP D 69.5 0.21 0.21 1.00 

Table S2. Data obtained from DSC analysis of classical pHEMA hydrogels. 

  

Figure S2. Cfree/Cbound in pHEMA hydrogels with EGDMA (blue) and PGD (green) as a function 

of cross-linker percentage. 

 ΔHtr (J/g) Cfree Cbound Cfree/Cbound 

s-IPN60 8:1  141.6 0.42 0.12 3.52 

s-IPN50 8:1   62.0 0.19 0.24 0.79 

s-IPN38 8:1  57.8 0.17 0.22 0.77 

s-IPN38 4:1  56.2 0.17 0.21 0.81 
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s-IPN38 2:1  57.3 0.17 0.20 0.85 

Table S3. Data obtained from DSC analysis of semi-IPN pHEMA/PAA hydrogels. 

 

 

S5. FRAP experiment 
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Figure S4. FRAP curves and relative fitting of classical and semi-IPN hydrogels. 

Table S4 lists the values of the parameters calculated from the Soumpasis model for classical 

pHEMA hydrogels loaded with FITC. 

 cross-linker/HEMA molar ratio (*10-3) FITC - D (µm2/s) 

Water solution - 397a 

H0 0 0.392 ± 0.032 

HE A  13.1 0.060 ± 0.005 

HP A 13.1 0.091 ± 0.007 

HE D  1.6 0.142 ± 0.011 

HP D 1.6 0.286 ± 0.023 

HE E 0.8 0.373 ± 0.030 
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Table S4. Diffusion coefficients of FITC in classical pHEMA hydrogels. aDiffusion coefficient 

of FITC in water solution was calculated from the Stokes-Einstein equation at 20 °C ID =

de
fghij

N, where η is the viscosity of the solvent (i.e 1 cP) and Rh hydrodynamic of the fluorophore 

(i.e 0.54 nm for FITC). 

Table S5 reports the calculated diffusion coefficients of the semi-IPN hydrogels. 

 FITC 

D (µm2/s) 

FITC-dextran 4 
kDa D (µm2/s)  

FITC-dextran 40 kDa D 
(µm2/s) 

Water  397a 153a 48a 

s-IPN60 8:1  0.242 ± 0.019 0.028 ± 0.002 0.003 ± 0.001 

s-IPN50 8:1  0.107 ± 0.009 0.038 ± 0.003 - 

s-IPN38 8:1  0.067 ± 0.005 0.021 ± 0.002 - 

s-IPN38 4:1  0.041 ± 0.003 0.015 ± 0.001 - 

s-IPN38 2:1  0.034 ± 0.003 0.013 ± 0.001 - 

Table S5. Diffusion coefficients of the different probes in semi-IPN pHEMA/PAA hydrogels. 
aDiffusion coefficient of probes in solution are obtained from Stokes-Einstein equation. 

 

 

Figure S5. Ionization equilibria of FITC as a function of pH. 
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a0 a1 τ (s) D (µm2/s) 

H0 

FITC 0.873 0.119 195 ± 16 0.392 ± 0.032 

HE E 

FITC 0.719 0.246 205 ± 16 0.373 ± 0.030 

HE D 

FITC 0.853 0.136 541 ± 43 0.142 ± 0.011 

HE A 

FITC 0.798 0.222 1267 ± 101 0.060 ± 0.005 

HP D 

FITC 0.704 0.317 268 ± 21 0.286 ± 0.023 

HP A 

FITC 0.728 0.335 839 ± 67 0.091 ± 0.007 

s-IPN60 8:1 

FITC  0,803 0,157 317 ± 25 0,242 ± 0,019 

FITC-dextran 4 kDa 0,812 0,170 2703 ± 216 0,028 ± 0,002 

FITC-dextran 40 kDa 0,833 0,616 23127 ± 1850 0,003 ± 0,001 

s-IPN50 8:1 

FITC  0,918 0,071 713 ± 57 0,107 ± 0,009 

FITC-dextran 4 kDa 0,907 0,073 2001 ± 160 0,038 ± 0,003 

s-IPN38 8:1 
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FITC  0,801 0,185 1145 ± 91 0,067 ± 0,005 

FITC-dextran 4 kDa 0,930 0,056 3594 ± 287 0,021 ± 0,002 

s-IPN38 4:1 

FITC  0,854 0,177 1873 ± 149 0,041 ± 0,003 

FITC-dextran 4 kDa 0,888 0,155 5108 ± 409 0,015 ± 0,001 

s-IPN38 2:1 

FITC  0,840 0,108 2283 ± 183 0,034 ± 0,003 

FITC-dextran 4 kDa 0,719 0,490 5813 ± 465 0,013 ± 0,001 

Table S6: Fitting parameters of FRAP curves: classical and semi-IPN hydrogels. 
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pHEMA/PAA and pHEMA/PVP semi-IPNs: effect of 

pH and loading with tetraethylenepentamine for the  

removal of bronze corrosion products 

Marta Rossi, David Chelazzi*, Teresa Guaragnone, Emiliano Fratini*, Piero Baglioni 

Department of Chemistry “Ugo Schiff” and CSGI, University of Florence, via della Lastruccia 3-Sesto 

Fiorentino, I-50019, Florence, Italy. 

*email: chelazzi@csgi.unifi.it; emiliano.fratini@unifi.it 

KEYWORDS: semi-IPN; hydrogel; pHEMA; PAA; PVP; TEPA; copper ions; cleaning; corroded 

bronze. 

Abstract 

Bronze artifacts constitute a fundamental portion of cultural heritage, but there is a lack of effective 

methodologies for the removal of corrosion layers, such as those produced by the “bronze disease”. We 

propose for the first time networks of poly(2-hydroxyethyl methacrylate) (pHEMA) semi-

interpenetrated (semi-IPN) with polyacrylic acid (PAA) or polyvinylpyrrolidone (PVP), loaded with 

tetraethylenepentamine (TEPA) for the removal of copper corrosion products. Alkaline pH causes the 

ionization of carboxyls in PAA increasing the swelling and the porosity of the pHEMA/PAA semi-IPN. 

In pHEMA/PVP, increasing the pH leads to the co-presence of the enol and enolate forms of PVP, 

mailto:piero.baglioni@unifi.it
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along with significant changes in the macroporosity and a decrease in the mesh size. 2D FTIR imaging 

indicates that TEPA interacts with carboxylates in PAA, and with polar or charged CO groups in PVP. 

Upon application of the gels onto corroded bronze, copper oxychlorides dissolve and migrate inside the 

gels. Cu(II) ions probably form ternary complexes with TEPA and carboxylates in PAA or CO in PVP. 

The application of the semi-IPNs allowed the gradual and effective removal of oxychlorides, leaving 

unaltered patinas of cuprite that are needed to passivate bronze against corrosion. Loading the semi-

IPNs with TEPA provides a much higher cleaning efficacy than traditional EDTA, opening new 

perspectives in the restoration of bronze works of art. 

 

INTRODUCTION 

The conservation of cultural heritage has deep societal and economic implications, because well 

preserved and accessible works of art constitute both a drive for social inclusion and an important 

resource to promote tourism and job creation 1 . Metallic objects and artifacts constitute a vast part of 

the artistic and architectural production spanning over millennia, however they are typically affected by 

several degradation processes that can significantly alter their appearance and integrity. In particular, 

copper-based artifacts are affected by corrosion phenomena that induce the formation of a complex 

patina on their surface, usually characterized by the presence of copper oxychlorides (atacamite and its 

polymorphs) responsible of the so called “bronze disease”, a cyclic degradative process able to 

consume the objects up to their complete disgregation23. The removal of corrosion products is thus a 

fundamental operation in conservation practice, but still an open challenge that needs feasible 

solutions. Traditionally, cleaning is performed by mechanical (vibrating or abrasive tools, ultra-high-

pressure water)4, optical (laser ablation), or chemical wet methods (bases, acids and complexing 

agents)5. However, these approaches involve several risks for the artifacts, unless time consuming 

protocols are adopted: mechanical treatments and non-confined cleaning fluids are invasive and 
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scarcely selective, while laser ablation can trigger heating processes on the artifacts’ surfaces6,5. The 

confinement of cleaning fluids is an optimal strategy to achieve controlled removal without risks for 

the objects, but traditional thickeners used in restoration (e.g. cellulose derivatives, viscous dispersions 

of polyacrylic acid) are either not enough retentive, or exhibit poor mechanical properties and thus tend 

to leave residues on the treated surfaces 7. In the last decade, chemical hydrogels have been proposed as 

optimal matrices to confine fluids for the safe cleaning of works of art 8,9,10,11. In particular, polymeric 

networks of poly(2-hydroxyethyl methacrylate) (pHEMA) semi-interpenetrated (semi-IPN) with  

polyvinylpyrrolidone (PVP)  have advantageous properties similar to the average of the two 

homopolymers characteristics, i.e. the mechanical strength of pHEMA and the hydrophilicity of PVP, 

resulting in ideal mechanical properties and retentiveness. In this contribution, pHEMA/PVP semi-

IPNs were used as confining matrices for cleaning solutions, based on the aforementioned advantages 

and on the ability of PVP to form complexes with metal ions1, which is expected to enhance the 

removal of corrosion patinas. Besides PVP, we also considered polyacryilic acid (PAA) as semi-

interpenetrating polymer in the pHEMA network, owing to its ability to give strong coordination bonds 

at alkaline pH, thanks to the presence of carboxylate groups13; the latter also account for the ability of 

PAA to associate with water molecules and swell extensively at alkaline pH when the polymer 

deprotonates and unfolds14. We chose tetraethylenpentamine (TEPA) as a cleaning fluid to upload in 

the semi-IPNS owing to its high complexing selectivity to Cu(II) ions, which are typically found in 

detrimental and defacing corrosion products (Cu(II) oxides and carbonates, copper oxychlorides). In 

fact, the complex formed by Cu(II) and TEPA has a stability constant (logKf = 22.8 at 25°C15) four 

orders of magnitude higher than that of the complex formed with the tetrasodium salt of 

ethylenediaminetetraacetic acid (EDTA, Y4-) (logKf = 18.8 at 25°C and 1 M)16, the chelating agent 

traditionally employed by conservators in the removal of copper corrosion products 4, 17. 
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The pHEMA/PVP and pHEMA/PAA semi-IPNS were swollen in water at different pH values (6, 8, 

12), and in a water solution of TEPA (pH 12), and analyzed by small angle X-ray scattering (SAXS) 

and scanning electron microscopy (SEM), to investigate structural differences at the micron- and nano-

scale. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were employed 

to evaluate the gels’ solvent content, and the properties of water entrapped in the polymeric networks. 

Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed, using a Focal Plane 

Array (FPA) detector, to gain information on the composition and structure of the polymers in the 

semi-IPNS, and on their interaction with TEPA and copper(II) ions. Finally, the semi-IPNS were 

applied on corroded bronze mock-ups, and their ability to solubilize and remove copper oxychlorides 

was inquired with FTIR-FPA chemical mapping with spatial resolution at the micron-scale.  

 

EXPERIMENTAL SECTION 

Materials 2-Hydroxyethyl methacrylate (HEMA) (purity 99%), poly(acrylic acid) (PAA) (average 

Mn ≈ 1200 kDa), azoisobutyronitrile (AIBN) (purity 98%), N,N-methylene-bis(acrylamide) (MBA) 

(purity 99%), poly(vinylpyrrolidone) (PVP) (average Mn ≈ 1300 kDa), tetraethylenepentamine (TEPA) 

(purity 95%), sodium hydroxide pellets (purity 97%), ethylenediaminetetraacetic acid disodium salt 

dihydrate (EDTA) (purity 98.5-101.5%) were purchased from Sigma-Aldrich and used as received. 

Water was purified by a Millipore Milli-Q gradient system (resistivity >18 MΩ·cm).  

Hydrogels synthesis The pHEMA/PVP semi-IPN was prepared by radical polymerization as 

reported by Domingues et al 1. Some variations in the synthetic process were adopted: the HEMA/PVP 

ratio was changed from 30/70 to 27.5/72.5 (% w/w), the water content in the pre-gel solution was 

62.2% instead of 65%, while the cross-linker concentration was halved; these changes were due to the 

necessity of having slightly softer and more flexible gel sheets to adapt the rough surface of corrosion 

patinas. 
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The pHEMA/PAA semi-IPN was synthesized adding an aqueous solution of PAA to HEMA monomer 

and AIBN. The ratio between the mass of pHEMA and PAA (96.5/3.5 % w/w), was chosen in order to 

have a molar ratio between -OH and -COOH groups of 16/1, which proved to be an optimal condition 

to favor the synthetic process, yielding gels with good mechanical properties. After sonication and 

degassing, the mixture was transferred between two glassy covers and polymerized at 60°C for 4 hours. 

After the reaction, a 2 mm thick flat hydrogel sheet was obtained; the gel was then washed by renewing 

water once a day for 7 days to remove residues of unreacted monomers and free PAA molecules. Table 

1 shows the composition of the two hydrogels. 

Both semi-IPNs were swollen in water, reaching a stable pH of 6.3.  Small pieces (5 x 5 x 0.2 cm3) 

were cut and swollen with water at pH 8 and 12 (adjusted with a sodium hydroxide solution), and in a 

water solution of TEPA (20% w/w). In all cases, the gels were placed in the NaOH or TEPA solutions 

for at least 5 days, using an excess of solution as compared to the gel’s mass, to make sure that the 

semi-IPNs exchanged completely.  

 

Semi-IPN pHEMA/PA

A 

Semi-IPN pHEMA/PVP 

HEMA (wt%) 52.5% HEMA (wt%) 10.3 

water (wt%) 45.2% Water (wt%) 62.2 

MBA (wt%) - MBA (wt%) 0.4 

AIBN (wt%) 0.4% AIBN (wt%) 0.1 

PAA (wt%) 1.8% PVP (wt%) 27.0 

HEMA/PAA ratio (%w/w) 96.5/3.5 HEMA/PVP ratio (%w/w) 27.5/72.5 

 

Table 1. Composition of pHEMA/PAA and pHEMA/PVP semi-IPNs.  
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Thermal analyses Thermogravimetric analysis (TGA) was carried out with a SDT Q600 (TA 

Instruments). The balance sensitivity is 0.1 μg. Measurements were performed in a nitrogen 

atmosphere with a flow rate of 100 mL/min. The samples were put in open alumina pans, and the 

analyses were performed with a heating rate of 10 °C/min from 25 °C to 450 °C19.  

The equilibrium water content (EWC) and the equilibrium solvent content (ESC) were calculated as 

follows (Eq. 1): 

𝐸𝑊𝐶(𝐸𝑆𝐶) =
𝑊−𝑊𝑑

𝑊
                                                    (1) 

where W is the weight of the hydrated sample and Wd the weight of the dry sample. The values of 

Wd were experimentally determined from TGA analysis, considering the weight of the sample at c.a. 

200 and 300°C to quantify the EWC (semi-IPNs swollen in water) and the ESC (semi-IPNs swollen in 

TEPA) respectively. 

Differential scanning calorimetry analysis (DSC) was performed with a Q2000 Calorimeter (TA 

Instruments). The temperature range was from -80 °C to 200 °C with a scan rate of 2 °C/min; sealed 

stainless steel pans were used. From the DSC curves it is possible to determine the different types of 

water present in the hydrogels20. Water in porous systems like gels can be classified as non-freezing 

bound water, free or bulk water21. The non-freezing water forms hydrogen bonds with the functional 

groups of the polymer, rather than with other water molecules (as would be necessary for water to 

freeze); bulk water has the same properties of pure water and can thus bind with other water molecules 

to form ice crystals when temperature is around 0°C.  

Thus, it is possible to determine the free water index (FWI) according to the following equation (Eq. 

2): 

𝐹𝑊𝐼 =  
∆𝐻𝑡𝑟

∆𝐻𝑓 × 𝐸𝑊𝐶
                                                                                                                                 (2) 
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where ΔHtr (J/g) is the heat of transition obtained by the integral of melting peaks around 0˚C in the 

DSC curves, and ΔHf is the theoretical value of the specific enthalpy of fusion of water at 0 °C (333,6 

J/g22).  

Scanning electron microscopy SEM investigation was performed on the xerogels, obtained by 

freeze-drying thin slices of the hydrogels. A FEG-SEM ΣIGMA (Carl Zeiss, Germany) was used to 

acquire the images using an acceleration potential of 2 kV and a working distance of 3 mm. Before 

carrying out the analysis, the samples were coated with a thin layer of gold using an Agar Scientific 

Auto Sputter Coater. 

Small angle x-ray scattering Small angle x-ray scattering analysis (SAXS) were carried out with a 

HECUS S3-MICRO SWAXS camera, equipped with a Hecus System3 2D-point collimator and two 

position-sensitive detectors (PSD-50M) containing 1024 channels with a width of 54 microns. The 

copper anode from the Oxford 50 W microfocus source emits radiation with the wavelength of the Kα-

line given by λ= 1.542 Å. The Kβ-line is removed by FOX-3D single-bounce multilayer point 

focussing optics (Xenocs, Grenoble). The voltage is generated by the GeniX X-ray generator (Xenocs, 

Grenoble). The sample-to-detector distance was 281 mm. The volume between sample and detector 

was kept under vacuum in order to minimize the scattering from the air. This camera was calibrated in 

the small angle region using silver behenate, which is known to have a well-defined lamellar structure 

(d = 58.38 Å)23. Scattering curves were acquired in the q-range between 0.01 and 0.55 Å-1. Samples 

were placed into demountable cells, with kapton film used as windows. The temperature control was 

set to 25°C by a Peltier element, with an accuracy of ± 0.1 °C. All the scattering curves were corrected 

for the empty cell and water contribution considering the relative transmission factors.  

2D FTIR imaging 2D FTIR imaging analysis was carried out on xerogels and bronze mock-ups, 

using a Cary 620-670 FTIR microscope, equipped with an FPA 128 x 128 detector (Agilent 

Technologies). This set up allows the highest spatial resolution currently available to FTIR 
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microscopes. The spectra were recorded directly on the surface of the samples (gels, corroded bronze 

coins, or the Au background) in reflectance mode, with open aperture and a spectral resolution of 4 cm-

1, acquiring 128 scans for each spectrum. A ‘‘single-tile” analysis results in a map of 700 x 700 µm2 

(128 x 128 pixels), and the spatial resolution of each imaging map is 5.5 µm (i.e. each pixel has 

dimensions of 5.5 x 5.5 µm2). Multiple tiles can be acquired to form mosaics. In order to improve the 

readability of the spectra, the background noise was reduced using the ‘‘smooth” tool (set at 11) of the 

Igor Pro software (Wavemetrics), taking care not to alter any diagnostic information deemed useful to 

this investigation. In each 2D map, the intensity of characteristic bands of the gels, or of bronze 

corrosion products, was imaged. The chromatic scale of the maps shows increasing absorbance of the 

bands as follows: blue < green < yellow < red.  

Bronze mock-ups and cleaning procedure To evaluate the gels’ effectiveness, cleaning tests were 

carried out on an artificially aged bronze coin, which was provided by CNR-ISMN (Rome, Italy). The 

artificial aging procedure, developed by Ingo et al., produces corrosion patinas that are similar in 

appearance and composition to those of archeological bronze artifacts 24. Small sheets of the two gels 

(1 x 1 x 0.02 cm3) were loaded either with a 20% (w/w) TEPA or with a 9.7% (w/w) EDTA aqueous 

solution, both at pH 12. EDTA was considered as a reference complexing agent in the restoration 

practice; 9.7% is the maximum concentration of the compound at pH 12.  The gels were applied twice 

on the coin surface for 45 minutes, covered with parafilm to limit evaporation of fluids from the 

polymer network. During the application, the strong blue color of the gels indicates the absorption of 

Cu(II) ions and the formation of Cu(II) complexes. After the treatment, the coin substrate was rinsed 

with water and air-dried. 2D FTIR Imaging was carried out on the coin surface before and after the 

application of the gels, checking the presence of corrosion products and gel residues. 

 

RESULTS AND DISCUSSION 
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 FEG-SEM images were acquired to understand how the pH influences their microstructure. At pH 6, 

pHEMA/PAA semi-IPN has a compact structure and does not present any porosity at the microscale 

(Figure 1 a), while at pH 8 it shows a quite homogeneous porosity in the 7-10 m range (Figure 1b). A 

more heterogeneous structure is noted at pH=12, where pores have irregular shape and broad size 

distribution from 1 to 15 m (Figure 1c). All pHEMA/PVP semi-IPNs exhibit a microporosity: at pH 6 

(Figure 1d) the pores have dimensions of 5-12 m and fairly regular shape, while at pH 8, (Figure 1e) it 

is possible to observe three different size distributions (i.e. < 1 m, 4-5 m, and 14-20 m); at pH 12 

pores have elongated shapes and are arranged in rows in a more ordered pattern, with dimensions 

ranging from 2 to 8 µm (Figure 1f). When the gels are loaded with TEPA, the polyethylene amine 

completely fills the pores, and a plain smooth surface is observed, with no relevant features. 

 

Figure 1. SEM images of pHEMA/PAA and pHEMA/PVP xerogels obtained from the corresponding 

hydrogels swollen in water at pH 6 (1a, 1d), 8 (1b, 1e), and 12 (1c, 1f). Bar is 10 µm. 
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SAXS experiments were carried out to investigate changes in the nanostructure of the semi-IPNs due 

to variations of pH, the presence of TEPA, and the co-presence of TEPA and Cu(II) ions (following the 

application of the gels onto corroded bronze coins). Figure 2 and 3 show respectively the SAXS curves 

of pHEMA/PAA and pHEMA/PVP hydrogels at pH 6, 8 and 12 (2a and 3a), and loaded with TEPA 

(2b) or with TEPA and Cu(II) ions (3b), after subtraction of cell contribution. All the SAXS curves 

were modelled using a generalized version of the Debye-Bueche approach25, with two q-dependent 

contributions and an instrumental flat background 26 (Eq.3): 

𝐼(𝑞) = 𝐼𝑠𝑜𝑙(𝑞) + 𝐼𝑒𝑥(𝑞) + 𝑏𝑘𝑔             (3) 

The first contribution Isol(q) is a generalized version of the Ornstein-Zernicke equation (Eq.4)     

𝐼𝑠𝑜𝑙(𝑞) =
𝐼𝑙𝑜𝑟(0)

[1+(ζ𝑞)m]
                                 (4) 

where Ilor(0) is the scattering intensity at q = 0, dependent from the contrast between the polymer and 

the solvent and from the volume fraction of the polymer in the gel, ζ is the characteristic average mesh 

size (or correlation length) of the network, and m is the Porod exponent associated with the solvation 

term. The second contribution Iex(q) is related to the excess of scattering at low q caused by the solid-

like inhomogeneities of the polymeric network (Eq.5): 

𝐼𝑒𝑥(𝑞) =
𝐼𝑒𝑥(0)

(1+𝑎2𝑞2)2                                    (5) 

where Iex(0) represents the excess intensity at q = 0 and a is the length scale that characterizes gel 

inhomogeneities. 

The fitting parameters of the SAXS curves of pHEMA/PAA semi-IPNs swollen in water (Figure 2a) 

are reported in Table 2.  The average mesh size increases moving from pH 6 to pH 12, which can be 

explained considering the electrostatic repulsion between PAA chains when the carboxyl groups are 

ionized, leading to the stretching of the polymer chains27. Consistently, an increase of EWC is observed 
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with increasing pH values, in agreement with other studies where the mesh dimension is strongly 

related to the equilibrium water content28. The Porod exponent has a value of ca. 3.8 for the hydrogel at 

pH 6, suggesting that the polymer network is collapsed, while at pH 8 and 12 the exponent is around 

2.3 for both systems, indicating that the hydrogels are in a theta solvent. The dimension of spatial 

inhomogeneities increases from 1.7 nm at pH 6 to 7.3 nm at pH 8, and ca. 5 at pH 12, suggesting that 

the increase in water content (higher EWC) leads to a  less homogeneous semi-IPN at the nanoscale18.  

When pHEMA/PAA is loaded with a water solution of TEPA (20%, pH=12) the mesh size and the 

dimension of solid-like inhomogeneities are smaller than those of gels simply loaded with water at the 

same pH, while the Porod exponent is slightly higher. These changes are ascribable to interactions 

between TEPA and the carboxylic groups in PAA, where molecules of TEPA might interpose between 

chains of PAA, screening the repulsion between carboxylate groups, and making the semi-IPN tighter. 

A further decrease of the mesh and inhomogeneities size is observed in the presence of copper II ions. 

Cheng et al. reported a decrease of the radius of gyration (Rg) for a poly(N-isopropylacrylamide) 

copolymer hydrogel that adsorbed Cu(II), and such change was ascribed to the formation of complexes 

between the ions and chelating groups in the polymer chains29. In our case, the lower mesh is likely due 

to the formation of complexes bewteen Cu(II) and ionized carboxylic groups of PAA, e.g. each copper 

ion coordinating with two -COO- groups from different chains30. Besides, a small decrease in the EWC 

(about 6%) is observed, in agreement with the lower mesh size value28. Finally, the increase in the 

Porod exponent (see Table 2) indicates a transition to a denser aggregate structure. 
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Figure 2. SAXS curves and fitting (grey lines) of pHEMA/PAA semi-IPNs swollen in water (a) at pH 

6 (triangles), 8 (squares), and 12 (diamonds), and loaded with TEPA (b, red squares) or TEPA and 

copper II ions (b, red triangles).  

 pH=6 pH=8 pH=12 20%TEPA 20%TEPA 

Cu(II) 

I0 1.37 ± 0.05 2.77 ± 0. 

05 

11.15 ± 0.58 9.48 ± 0.19 3.36 ± 0.09 

ζ (nm) 0.60 ± 0.01 0.83 ± 0.01 1.82 ± 0.06 1.14 ± 0.02 0.78 ± 0.01 

m 3.75 ± 0.16 2.29 ± 0.05 2.34 ± 0.04 2.43 ±0.03 3.33 ± 0.07 

Iex 2.67 ± 0.05 13.35 ± 0.96 144.33 ± 0.99 79.30 ± 0.89 7.86 ± 0.17 

a (nm) 1.67 ± 0.06 7.28 ± 0.03 4.96 ± 0.05 5.54 ± 0.05 2.52 ± 0.07 

bkg 0.44 ± 0.01 0.34 ± 0.01 0.11 ± 0.01 0.03 ± 0.01 0.54 ± 0.01 

Table 2. Fitting parameters obtained from SAXS curves of pHEMA/PAA semi-IPNs 

Regarding pHEMA/PVP semi-IPNs (see Table 3 and Figure 3a), the average mesh size at pH=6 is in 

agreement with previous studies18, and remains unchanged at pH=8, while at pH 12 it decreases of 

about 1 nm. At alkaline pH values (>> 10), the enol tautomer of PVP can lose a proton to form an 

enolate31. The partial deprotonation might lead to an enhancement of inter and intramolecular hydrogen 

bonds between enol and enolate groups in the PVP chains, resulting in a smaller mesh size and in a 
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more compact structure, as also suggested by the slight increase of the Porod exponent. The gel swollen 

in a water solution of TEPA (pH=12) exhibits the smallest value of ζ (ca. 2 nm) and the highest value 

of m (2.7) (see Table 3). When Cu(II) is absorbed in the hydrogel, similarly low values are found. This 

behavior can be explained considering that enolate groups are able to interact with TEPA molecules 

and Cu(II) ions, closing together in the formation of complex structures.  

 

 

 

Figure 3. SAXS curves and fitting (grey lines) of pHEMA/PVP semi-IPNs swollen in water (a) at pH 6 

(triangles), 8 (squares), and 12 (diamonds), and loaded with TEPA (b, red squares) or TEPA and 

copper II ions (b, red triangles). 

 

 pH=6 pH=8 pH=12 20%TEPA 20%TEPA 

Cu(II) 

I0 25.26 ± 11.3 37.70 ± 5.39 15.46 ± 0.63 7.31 ± 0.41 10.78 ± 0.54 

ζ (nm) 3.43 ± 0.54 3.81 ± 0.23 2.34 ± 0.06 1.94 ± 0.06 2.28 ± 0.07 

m 2.49 ± 0.03 2.44 ± 0.02 2.58 ± 0.03 2.69 ±0.05 2.61 ± 0.05 

Iex 68.48 ± 8.84 62.19 ± 2.92 34.90 ± 2.03 46.35 ± 0.62 89.08 ± 0.98 

a (nm) 4.93 ± 0.57 6.85 ± 0.83 6.50 ± 0.37 5.05 ± 0.10 6.15 ± 0.09 
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bkg 0.20 ± 0.01 0.09 ± 0.01 0.04 ± 0.01 0.20 ± 0.01 0.38 ± 0.01 

Table 3. Fitting parameters obtained from SAXS curves of pHEMA/PVP semi-IPNs. 

The study of the amount and type of water loaded in the hydrogels provided information on the 

absorption and permeation properties of these systems. The DSC curves of all the gels are reported in 

the SI (Figure S1 and S2). The EWC in pHEMA/PAA semi-IPNs, swollen at different pH, is mainly 

due to the gels’ porosity and the hydrophilic character of PAA. At pH 6, where the carboxylic group 

are completely protonated, the EWC is about 43% (see Table 4), similar to that of classical pHEMA 

chemical gels32,33, and it increases up to 57 and 79% at pH 8 and 12, owing to the ionization of the 

carboxyls.  When the semi-IPN is loaded with TEPA (pH 12), the solvent content is c.a. 76%. After the 

absorption of Cu(II) this value decreases to 71%, indicating that some free water and TEPA are lost 

through evaporation during the application of the gel on the bronze coin, despite having covered the gel 

with parafilm. The FWI values increase passing from pH 6 to 12 (see Table 4), consistently with the 

presence of more hydrophilic moieties in the network (carboxylate groups in PAA), and with a higher 

meso- and microporosity as shown by SAXS and SEM measurements.  

 pH 6 pH 8 pH 12 TEPA TEPA Cu 

ΔHtr (J/g) 76.5 ± 1.7 154.3 ± 1.27 293.2 ± 6.1 127.4 ± 4.1 109.0 ± 3.1 

EWC 42.9% ± 0.9% 56.8% ± 1.1% 79.1 % ± 3.7% 76.3% ± 1.6% 71.3% ± 1.4% 

FWI 0.53 ± 0.02 0.81 ± 0.02 1.11 ± 0.07 0.50 ± 0.03 0.46 ± 0.02 

Table 4. Data obtained from DSC and TGA analysis of pHEMA/PAA semi-IPNs swollen in water at 

pH 6, 8, and 12 and in TEPA water solution before and after Cu(II) uptake. 

 

Both the EWC and FWI of the pHEMA/PVP semi-IPNs remain unchanged when the gels are swollen 

in water at different pH (Table 5). In any case, these parameters have higher values than those of 

pHEMA/PAA gels, which is explained considering the high relative content of PVP, a highly 
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hydrophilic polymer. The EWC does not change significantly in the presence of TEPA and Cu(II) ions, 

demonstrating the high hydrophilicity of these systems. 

It must be noticed that for both systems there is a significant decrease in the heat of the melting 

transition (ΔHtr, see Table 4 and 5) when Cu(II) ions are absorbed in the gels. The FWI decreases 

accordingly. This was explained considering that part of the bulk water molecules coordinate with the 

metal ions, participating in the formation of complexes. 

 

 pH 6 pH 8 pH 12 TEPA TEPA Cu 

ΔHtr (J/g) 296.1 ± 3.9 317.2 ± 1.1 299.5 ± 5.26 154.6 ± 2.5 133.5 ± 4.1 

EWC 88.3% ± 0.5% 89.1% ± 1.3% 89.0% ± 2.1% 86.5% ± 0.01% 85.6% ± 0.8% 

FWI 1.01 ± 0.02 1.07 ± 0.02 1.01 ± 0.04 0.54 ± 0.01 0.47 ± 0.02 

Table 5. Data obtained from DSC and TGA analysis of pHEMA/PVP semi-IPNs swollen in water at 

pH 6, 8, and 12 and in TEPA water solution before and after Cu(II) uptake. 

 

Further information on the chemical changes of the semi-IPNs at different pH, and upon loading of 

TEPA and Cu(II) ions, were provided by FTIR 2D Imaging. At pH 6, the spectra of the pHEMA/PAA 

semi-IPN exhibit features typical of reflective surfaces, with derivative-shaped peaks and distorsions 

(see Figure 4). In particular, the OH stretching and CH stretching bands of pHEMA and PAA are not 

observable, and the main peaks are those of C=O stretching (derivative shape, maximum at 1745 cm-1), 

CH2 bending (1496 cm-1), C-O stretching (1294 cm-1), and C-O-C stretching (derivative shape, 

maximum at 1197 cm-1, and 1092 cm-1)34,35. At alkaline pH values the spectra change significantly, and 

their aspect resemble much more closely that of standard transmission spectra. This indicates that a 

change in the refractive index of the gel has occurred, following the neutralization of the carboxyl 

groups in PAA and the rearrangement of the polymer chains. Both the OH and CH stretching bands are 
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clearly observable, and the C=O stretching peak shows two components around 1740 (pHEMA) and 

1715 (PAA) cm-1 34,35. Besides, the spectra show a new peak at 1578 cm-1, assigned to the 

antysimmetric stretching of the –COO- groups in PAA, whose intensity increases passing from pH 8 to 

pH 12 (as shown in the FTIR maps in Figure 4). Besides, while at pH 8 the carboxylate groups 

concentrate in domains ranging from tens to hundreds of microns, at pH 12 they are homogeneously 

distributed across the gel matrix. 

 

 

Figure 4. FTIR 2D Imaging of pHEMA/PAA xerogels obtained from hydrogels that were swollen 

with water at different pH values. Below each visible image, the corresponding 2D FTIR Imaging map 

shows the intensity of the band at 1578 cm-1 (-COO- antysimmetric stretching of carboxylate groups in 
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PAA). All maps have dimensions of 700 x 700 µm2, each axis tick being 50 µm. The bottom panel 

shows representative spectra of pixels (5.5 x 5.5 µm2) in the corresponding 2D Imaging map. 

 

Figure 5 shows the FTIR 2D imaging of pHEMA/PAA xerogels obtained from semi-IPNs loaded 

with TEPA. Loading with the polyethylene amine changes the refractive index of the gels, which show 

again strongly derivative-shaped C=O and C-O-C stretching bands. The most relevant feature is a 

composite band that shows two maxima at 1660 and 1610 cm-1. The latter is ascribed to the NH 

deformation of primary amine in TEPA36, while the first component can be assigned to the stretching 

vibration of the carboxylic groups in PAA, when they are neutralized by a polyethylene amine37. 

Namely, the amine group of TEPA interacts with the acid sites of PAA, interfering with the interchain 

hydrogen bonds; the H atom of the carboxylic group is included in the amine groups, and the 

carboxylate vibration is shifted to a higher wavenumber with respect to the gels swollen in water 

solutions at the same pH. As shown by the 2D Imaging maps, in the presence of Cu(II) ions, the peak is 

no longer clearly observable, all across the gel’s surface. Our hypothesis is that the carboxylate 

vibration is either shifted back to lower wavenumbers (convoluting with the TEPA NH deformation 

band), or its intensity is decreased, following the formation of a ternary polymer-metal complex by 

both PAA and TEPA with the copper ions. In fact, Kabanov et al.38, reported the formation of mixed 

Cu(II) complexes formed by PAA and polyethylene imines (PEI), where two coordination sites are 

covered by PAA carboxylates, and two by amine groups. A similar behavior might occur in the case of 

the PAA-Cu-TEPA complex. 
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Figure 5. (Top) FTIR 2D Imaging of xerogels obtained from pHEMA/PAA hydrogels: (top left) 

swollen with water at pH 12; (top center) xerogels obtained from gels swollen with a TEPA solution 

(20%); (top right) xerogels obtained from gels that were swollen with the TEPA solution and then 

placed on a bronze coin mock-up containing Cu(II) corrosion products. Below each visible image, the 

corresponding 2D FTIR Imaging map shows the intensity of the band at 1660 cm-1 (assigned to the -

COO- antysimmetric stretching of carboxylate groups in PAA). All maps have dimensions of 700 x 700 

µm2, each axis tick being 50 µm. The bottom panel shows representative spectra of pixels (5.5 x 5.5 

µm2) in the corresponding 2D Imaging map. 
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Figure 6 shows the FTIR 2D imaging of pHEMA/PVP xerogels obtained from gels swollen in water at 

different pH values. All the main absorptions of the two polymers are clearly observable39,34, however a 

band at 1578 cm-1 progressively emerges when pH passes from 6 to 8 and 12, as evidenced in the 2D 

Imaging maps. This band could be assigned either to a combination of O-H and C-H bending40, or to 

the presence of an enolate ion, even if the latter would be expected at slightly higher wavenumbers41. In 

fact, as previously reported, the enolate form of the enol structure of PVP is present at pH >> 1031. It 

must be noticed that the carbonyl band of the lactam form of PVP is also observable at 1655 cm-1. 

 

 

Figure 6. FTIR 2D Imaging of pHEMA/PVP xerogels obtained from hydrogels that were swollen 

with water at different pH values. Below each visible image, the corresponding 2D FTIR Imaging map 

shows the intensity of the band at 1578 cm-1 (assigned to the stretching of enolate ions in PVP). All 
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maps have dimensions of 700 x 700 µm2, each axis tick being 50 µm. The bottom panel shows 

representative spectra of pixels (5.5 x 5.5 µm2) in the corresponding 2D Imaging map. 

 

When TEPA is uploaded in the pHEMA/PVP gels, an inhomogeneous pattern is observed in the 

FTIR 2D Imaging maps of the absorbance intensity in the 1615-1535 cm-1 region (see Figure 7). In the 

main portion of the maps (yellow-red pixels), the NH deformation band of TEPA at 1600 cm-1 is 

clearly observable, as part of a derivative peak whose flexus falls at ca. 1580 cm-1. This band likely 

includes the contribution from enolate groups in PVP. In some portions (green pixels), no band around 

1600 cm-1 is detected; instead, a shoulder to the PVP carbonyl peak is observed at ca. 1620 cm-1, along 

with a derivative band with a maximum at 1500 cm-1 and a flexus at ca. 1485 cm-1. We assigned the 

shoulder to the TEPA NH band (shifted upwards), and the derivative band to the enolate (shifted 

downwards) and CH2 vibrations. The bands shifts were ascribed to interactions between the amine 

groups in TEPA and polar or charged CO groups in PVP. When Cu(II) ions are uploaded in the gel, the 

shifts are observed in significantly larger portions of the maps, which show a majority of green pixels. 

It is known that PVP is able to coordinate with copper through the O atom rather than N42. Thus, we 

hypothesized that the interactions between PVP and TEPA are favored by the coordination of Cu(II) 

with CO groups and amines, which come close together while binding to the ions.  
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Figure 7. (Top, left panels) FTIR 2D Imaging of xerogels obtained from pHEMA/PVP hydrogels 

swollen with a TEPA solution (20%); (Top, right panels) xerogels obtained from gels that were swollen 

with the TEPA solution and then placed on a bronze coin mock-up containing Cu(II) corrosion 

products. Below each visible image, the corresponding 2D FTIR Imaging map shows the intensity of 

the 1615-1535 cm-1 region. All maps have dimensions of 700 x 700 µm2, each axis tick being 50 µm. 

The bottom panel shows representative spectra of high (red) or low (green) intensity pixels (5.5 x 5.5 

µm2) in the corresponding 2D Imaging map. 

 

Figures 8 and 9 show the results of the application of semi-IPNs loaded with TEPA on the surface of 

a bronze coin that was artificially aged to mimic archaeological bronze artifacts. After aging, the coin 

surface is covered with a thick and heterogeneous green patina of copper oxychlorides, which show 
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characteristic IR bands between 3550 and 3300 cm-1 (OH stretching43) and at 950 cm-1 44. The 

application of the gels led to the progressive removal of the oxychlorides, preserving the inner red layer 

(whose color is indicative of cuprite, Cu2O
44 inhomogeneously present over the surface. The possibility 

of controlling the cleaning action, thanks to the use of retentive semi-IPNs, is advantageous from an 

applicative standpoint; in fact, cuprite can be considered as a protective layer against further corrosion, 

as it passivates the surface. Where cuprite was not present, the cleaning intervention brought back the 

bronze surface, and whitish patinas of calcium carbonate (identified thanks to characteristic IR bands at 

2512, 1793 and 1463 cm-1 45 that can eventually be removed using a complexing agent selective for 

calcium. 2D FTIR imaging confirmed the removal of copper oxychlorides at the micron scale (see 

Figure 9), down to the detection limit of the instrument (< 1 pg/pixel; 1 pixel = 5.5 x 5.5 µm2). It must 

be noticed that semi-IPNs of pHEMA/PVP and pHEMA/PAA loaded with TEPA were equally 

effective in terms of cleaning power and duration of the intervention. In principle, pHEMA/PAA might 

be expected to remove copper corrosion products more efficiently, owing to the stronger complexing 

strength of carboxylate groups in PAA as compared to carbonyls in PVP. However, pHEMA/PVP gels 

have higher ESC, thanks to the hydrophilicity of PVP. Both formulations performed better than semi-

IPNs loaded with EDTA (see Figure 8), as expected given the much higher stability constant of TEPA-

Cu(II) complexes than those with EDTA. 
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Figure 8. Artificially aged bronze coin before (left) and after (center) cleaning with semi-IPNs loaded 

with TEPA. The application of the gels (two cleaning rounds, 45 minutes each) led to the removal of 

the green corrosion products (copper oxychlorides), preserving the red cuprite layer that is 

inhomogeneously present on the coin surface. In some portions, whitish patinas composed of calcium 

carbonate were present beneath the oxychlorides layer. (Right) Preliminary cleaning tests showing the 

progressive removal of corrosion products after the application of semi-IPNs loaded with TEPA for 1 

hour (A) or 20 minutes (B). The application of a semi-IPN loaded with EDTA for 1 hour (C) did not 

remove the corrosion products. 
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Figure 9. FTIR 2D Imaging of an artificially aged bronze coin before (top, left panel) and after (top, 

center and right panel) the application of a pHEMA/PVP semi-IPN loaded with TEPA. Below each 

visible image, the corresponding 2D FTIR Imaging map shows the intensity of the band between 3550 

and 3300 cm-1 (stretching of OH groups in Cu(II) oxychlorides). All maps have dimensions of 1400 x 

2000 µm2, each axis tick being 50 µm. The bottom panel shows representative spectra of pixels (5.5 x 

5.5 µm2) in the corresponding 2D Imaging maps, from bottom to top: the cleaned bronze surface, the 

red layer of cuprite, calcium carbonate patinas, and copper oxychlorides (atacamite, paratacamite). 

 

CONCLUSIONS 



 25 

A pHEMA/PAA semi-IPN was formulated for the first time uploading aqueous solutions at 

different pH values, and was compared with a pHEMA/PVP semi-IPN. Solutions of TEPA were 

uploaded in both type of gels to remove corrosion products from aged bronze coins.  

Increasing the pH induces changes in the structure of the gels. In the case of pHEMA/PAA, 

carboxyls in the PAA chains are progressively ionized, as confirmed by 2D FTIR imaging. This 

results in the swelling of the polymer network, evidenced by an increase in the meso- and 

macroporosity, and in the amount of free water uploaded in the gels. TEPA molecules interact 

with carboxyls in PAA, making the semi-IPN tighter (lower mesh size) by screening the 

repulsion between carboxylate groups. When Cu(II) ions are absorbed in the TEPA-loaded 

network, ternary PAA-Cu-TEPA complexes are probably formed, where two coordination sites 

are covered by PAA carboxylates, and two by amine groups. For what concerns pHEMA/PVP 

semi-IPNs, increasing the pH leads to the partial abstraction of protons from the alcohol group in 

the enol form of PVP (pH >> 10). Significant changes in the macroporosity are observed at each 

pH variation step (6; 8; 12). Besides, the mesoporosity decreases at high pH values, as the inter 

and intramolecular hydrogen bonds between enol and enolate groups in the PVP chains cause a 

decrease in the mesh size. FTIR 2D Imaging let us hypothesize that the interactions between 

polar or charged CO groups of PVP and TEPA are favored by the formation of ternary complexes 

with Cu(II) ions, where CO and amine groups come close together while binding to the metal.  

Even though loading with alkaline solutions of water and TEPA changes the micro- and 

nanostructure of the gels, it does not hinder their applicability for the removal of corrosion 

products from bronze surfaces.  When the TEPA-loaded gels are applied onto corroded bronze 

coins, they gradually release the polyamine solution on the surface, solubilizing and removing the 

Cu(II) oxychlorides in the corrosion layers. The dissolved copper ions migrate into the gels and 

form complexes, which gives the gels an intense blue color. Both pHEMA/PAA and 
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pHEMA/PVP allowed an effective and controlled removal of corrosion products, while 

preserving the inner red corrosion layer (cuprite) that is normally left on bronze artifacts as a 

passivation layer against recurring corrosion. Loading with TEPA dramatically enhanced the 

cleaning power of the gels as opposed to EDTA, strongly decreasing the time needed for the 

intervention. 

Overall, TEPA-loaded semi-IPNs of pHEMA/PAA and pHEMA/PVP proved to be promising 

tools for the preservation of archaeological and historical bronze artifacts, overcoming the 

limitations of traditional restoration practice based on the use of EDTA solutions and mechanical 

cleaning. 
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Supporting Information 

 

 

Figure S1. DSC thermograms of pHEMA/PAA hydrogels swollen in water (left panel) and in TEPA 
(right panel). The reported curves are offset along y-axis for clarity. 

 

 

 

Figure S2. DSC thermograms of pHEMA/VP hydrogels swollen in water (left panel) and in TEPA 
(right panel). The reported curves are offset along y-axis for clarity. 

 


